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1 Summary 
The mature mammalian central nervous system (CNS) is unable to regenerate successfully 
after injury. This regeneration failure is in contrast to the peripheral nervous system (PNS) 
which can regenerate. Innumerable investigations have attempted to discover the underlying 
reasons for this behaviour and especially over the last two decades, the general understanding 
of many of the diverse contributing factors has valuably increased. 
In the late 1980’s, CNS myelin was discovered to be the most important inhibitor of axonal 
outgrowth, a discovery which lead to profound research on the issue and resulted in the 
identification of several myelin inhibitory proteins and a common corresponding receptor. 
However, since the late 1990’s, strong evidence has arisen, which supports the notion that the 
inhibitory molecules of the glial scar might play a greater role in preventing regeneration after 
CNS injury. In this context, two transplantation studies conducted by Silver and colleagues 
seemed ground-breaking: with the help of a special microtransplantation technique, which 
induces only minimal tissue damage at the lesion site, adult sensory neurons were 
transplanted into the adult CNS white matter and demonstrated vigorous axon regeneration 
which extended along unperturbed mature myelin pathways as well as along Wallerian 
degenerating fibre pathways. Host astrocytes and their processes were deemed to be the 
substrate responsible for supporting such strongly orientated regeneration along white matter 
tracts. These important investigations were restricted to adult rat white matter, with no 
correlative investigations in adult grey matter being performed. Therefore, in the present 
investigation, adult sensory neurons were microtransplanted into both mature CNS white and 
grey matter. The experiments revealed that the adult CNS grey matter can, as well as the adult 
CNS white matter, be a highly permissive environment for robust axonal outgrowth from the 
donor adult neuronal population. Interestingly, the regenerating PNS axons did not follow the 
random pattern of host astroglia and their processes, but demonstrated substantially orientated 
outgrowth, possibly directed towards certain thalamic nuclei. In an attempt to clarify the issue 
of the substrate responsible for supporting such strong axonal outgrowth, double 
immunofluorescence could only demonstrate occasional co-localisation of donor axons with 
host blood vessel walls, astrocytes, microglia and CNS myelin. Donor axons did, however, 
seem to employ the cell-adhesion molecule (CAM) L1 for interactions with host neuronal 
processes. 
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2 Introduction 
2.1 Central Nervous System Injury 
The inability of the central nervous system (CNS) to undergo successful axonal regeneration, 
in contrast to the peripheral nervous system (PNS), has been one of the most challenging 
neuroscientific themes for decades. As early as in 1550 B.C. the word “brain” was mentioned 
in surgical papyrus documents in Egypt (translated by Edwin Smith). These papyrus 
documents presented the first reports on various brain and spinal cord injuries (SCIs) and the 
serious consequences they represent for patients. In the early 20th century, Santiago Ramon y 
Cajal was the first to clearly describe that CNS axons fail to regenerate after traumatic injury 
(Ramon y Cajal, 1928). Since then, numerous scientific and medical studies have dedicated 
their interest to better defining the mechanisms responsible for this behaviour. Nevertheless, 
there remain very few clinically effective strategies for the treatment of severe CNS trauma, 
stroke, degenerative CNS disease and SCI. The most important progress has been made over 
the last 20 years, in which many of the cellular and molecular processes induced by CNS 
injury have been discovered. It has become evident that the CNS is, in fact, capable of strong 
axonal sprouting. However, this capacity is only transient and fails within a few days (for 
review see Schwab and Bartholdi, 1996; Schwab J, 2004). A major tool employed in the 
investigation of lesioned CNS has been transplantation (e.g. Wictorin et al., 1990; Raisman et 
al., 1993; Davies et al., 1997; Björklund et al., 2002). Such research has demonstrated that the 
lesioned adult brain remains receptive to specific and appropriate re-innervation by projection 
neurons grafted either close to- or even at a distance from the target territory. Furthermore, 
such transplantation studies have provided important data regarding the permissiveness of 
lesioned (and non-lesioned) CNS to donor axon regeneration, as well as important 
information regarding the molecular mechanisms responsible for failed axon regeneration. It 
seems clear that axon regeneration in the adult CNS is the result of a complex balance 
between a number of growth-promoting and growth-inhibitory molecules and signals, a 
number of which are briefly described below. 
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2.2 Mechanisms Influencing Axon Regeneration in the Adult Mammalian 
CNS  
Growth-Associated Molecules 
A poor restitution of function after CNS injury has long been considered to be due to an 
intrinsic lack of neuronal regenerative capacity. It is well known that axonal outgrowth during 
development and regeneration is correlated with substantial increases in the synthesis of 
certain regeneration associated proteins (for reviews see Skene, 1989; Miller and Geddes, 
1990). Among these proteins are, for example, c-Jun, GAP-43, T alpha 1-tubulin and actin. 
The corresponding regeneration associated genes (RAGs) are typically re-expressed during 
the course of PNS trauma and accompanied by axonal sprouting. However, in the CNS, this 
re-expression is often only transient (for review see Schwab and Bartholdi, 1996). 
Interestingly, CNS neurons were clearly demonstrated to regenerate through PNS grafts or 
pure Schwann cell grafts, or through myelin-free spinal cord, though their number and the 
distance covered by regenerating axons remained small (for review see Fenrich and Gordon, 
2004).  
Growth Factors 
The large family of neurotrophic factors contains several members, such as the nerve growth 
factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), 
neurotrophin-4 (NT-4), glial cell derived neurotrophic factor (GDNF), ciliary derived 
neurotrophic factor (CNTF) and leukemia inhibitory factor (LIF). During the development of 
the nervous system (NS), such growth factors are essential for cell differentiation and 
maturation (for review see Mocchetti and Wrathall, 1995). This has been impressively 
verified by experiments using knock-out mice: mice which completely lacked neurotrophins 
died shortly after birth, whereas mice, which expressed reduced neurotrophin levels, had 
remarkable neurological deficits (for review see Chao, 2003). In the mature NS, neurotrophic 
factors seem to play important roles in the maintenance and regulation of neuronal function. 
They exert different effects on various neuronal sub-types, which is suggested to be based on 
a differential expression of the corresponding receptors in the NS (for review see Schwab J., 
2004). Interestingly, neurotrophins are able to modulate the response of growth cones to 
inhibitory molecules: Cai and colleagues demonstrated in 1999 that priming with specific 
neurotrophins in vitro could completely and specifically block the inhibitory effects of the 
myelin associated glycoprotein (MAG, Cai et al., 1999). This growth enhancing effect seems 
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to be at least partly induced through elevated endogenous cAMP (cyclic adenosine 
monophosphate) levels. This second messenger has recently been shown to promote axonal 
regeneration in the CNS, which is due to the inhibition of the Rho-signalling pathway, a 
cascade which is also involved in various growth inhibitory interactions (for review see Cui 
and So, 2004). 
Cell-Adhesion Molecules 
Among the cell-adhesion molecules (CAMs), N-cadherin, L1 and the neuronal cell adhesion 
molecule NCAM are of particular interest in the NS. They are known to take part in neuronal 
cell migration, neurite outgrowth and axonal guidance in developing and regenerating neurons 
by governing the nerve growth cone through homophilic as well as heterophilic interactions 
(for review see Kiryushko et al., 2004). There seem to be different distribution patterns for the 
various CAMs, since cholinergic axons were for example shown to express L1 and 
PSA(polysialic acid)-NCAM during regeneration until target-innervation, whereas 
sympathetic axons expressed only L1 during sprouting. Furthermore PSA-NCAM has, in 
contrast to L1, been reported to be up-regulated in reactive astrocytes (Aubert et al., 1998). In 
experimental SCI, it has been shown that spontaneously regenerating axons adopt a strong 
longitudinal orientation, which might be due to the distribution of the CAM expression 
provided by a framework of migrating Schwann and leptomeningeal cells (Brook et al., 1998; 
2000). Recent in vitro experiments confirm that Schwann cells mediate their supportive role 
for axonal regeneration partly through the expression of L1, which is absent on CNS 
astrocytes (Adcock et al., 2004). Therefore one important element of the unfavourable glial 
CNS environment concerning axonal regeneration could be the inadequate presentation of 
attractive guidance cues for the regenerating axons. 
2.3 The CNS Myelin Environment 
The Myelin Inhibitors  
The inhibitory effects of CNS myelin were discovered in the 1980’s, when Schwab and 
Caroni were able to show that oligodendrocytes and CNS myelin are a non-permissive 
substrate for axonal regeneration in vitro, whereas PNS myelin allowed long fibre generation 
(Schwab and Thoenen, 1985; Schwab and Caroni, 1988). Shortly afterwards an antibody, 
termed IN-1, raised against NI-220/250 (two CNS myelin proteins with highly non-
permissive properties), was developed, which substantially improved axon regeneration on 
previously inhibitory substrates (Caroni and Schwab, 1988). Numerous in vivo experiments 
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confirmed the favourable effect of IN-1, which promoted axonal regeneration beyond lesions 
in the CNS as well as enhanced sprouting of both lesioned and non-lesioned nerve fibres 
(Schnell and Schwab, 1990; Schwab, 2002) and myelin became widely regarded as a major 
element of the CNS inhibitory environment. In 2000, the NI-220/250 encoding gene, termed 
“Nogo”, was eventually identified and published by 3 individual groups in the same year 
(Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000). Its DNA produces three 
different isoforms, termed Nogo-A, Nogo-B and Nogo-C. While Nogo-C is mostly prevalent 
in the skeletal muscle and Nogo-B has an almost ubiquitious expression pattern, Nogo-A is 
mainly present in the CNS, where it is to be found mostly on oligodendrocytic cell bodies and 
processes in the outer-most and inner-most myelin membrane. Its mRNA is not detectable in 
the PNS, pointing to a lack of Nogo-A expression in Schwann cells, thus demonstrating a 
distribution pattern which strongly correlates with the ability to inhibit axon growth. No 
evidence was found that the Nogo expression is either up- or down-regulated after CNS 
injury. Therefore the inhibition of fibre regeneration by Nogo-A seems to be exerted by the 
CNS myelin located next to the lesion site rather than by the lesion site itself (Huber et al., 
2002). The inhibitory potency of Nogo-A was soon confirmed in various in vivo studies, 
which supported its view as a major inhibitory aspect in CNS regeneration (e.g. Pot et al., 
2002).  
The myelin-associated glycoprotein MAG was also discovered to be a potent neurite 
outgrowth inhibitor in vitro (McKerracher et al., 1994; Mukhopadhyay et al., 1994). 
Interestingly, MAG displays two opposing roles: although inhibitory to adult regenerating 
axons, it also stimulates neurite outgrowth from immature neurons (for review see 
McKerracher and Winton, 2002). However, further research soon demonstrated that it does 
not seem to play a significant role in the inhibitory CNS environment in vivo. This was 
determined in MAG-deficient mice, in which only little improvement in the extent of axonal 
growth could be found (Bartsch et al., 1995; Li et al., 1996). Furthermore, recent studies have 
shown that MAG, a peri-axonal protein, is lost very early after SCI (Buss and Schwab, 2003), 
which may confirm its earlier suggested minor efficacy. 
The most recently discovered myelin-associated inhibitory protein of the CNS was the 
oligodendrocyte myelin glycoprotein OMgp (Wang et al., 2002). Like Nogo-A, it is expressed 
by oligodendrocytes and neurons. It has been shown to be another important neurite out-
growth inhibitor in vitro, while its precise function in vivo still needs to be assessed (for 
review see Vourc’h and Andres, 2004). 
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In 2001, Fournier and colleagues were able to identify a protein which bound with high 
affinity to the extracellular 66 region of Nogo-A, which they termed the “Nogo-receptor” 
(NgR). It is expressed on axons of the adult NS which strongly suggests its connection to poor 
regeneration after CNS injury.  Embryonic neurons are, on the contrary, insensitive to Nogo-
66, but become sensitive after NgR-transfection (Fournier et al., 2001). These findings 
correlate with studies which were able to show strong fibre outgrowth of fetal CNS neurons 
(Wictorin et al., 1990, 1991; Gaillard et al., 2004) after transplantion into the adult CNS. 
Recent studies (Liu et al., 2002; Wang et al., 2002) were able to demonstrate that the NgR 
also mediates the growth inhibitory effects of MAG and OMgp which underlines the 
importance of the NgR concerning CNS regeneration to an even higher extent.  
2.4 The Astroglial Scar 
The glial scar which develops at CNS lesion sites has long been reported to be not only a 
local mechanical barrier for regenerating axons, but also to be a molecular barrier to 
regeneration. In 1990, various in vitro studies were performed, confirming that molecular 
components of the glial scar, such as chondroitin sulphate proteoglycans (CSPGs), had a 
strong concentration-dependent inhibitory influence on axonal regeneration (e.g. Snow et al., 
1990). However, the confirmation of these findings in in vivo studies was difficult, since it 
seemed impossible to clearly distinguish the inhibitory influence of the glial scar from that of 
myelin inhibition. However, the development of a microtransplantation technique made it 
possible to transplant donor cell bodies into host tissue with only minimal trauma (Emmet et 
al., 1990). Silver and colleagues used this method to transplant different neuronal populations 
into the adult rat CNS to determine if there was any improvement in axonal regeneration in 
the absence of glial scarring. Initially, they transplanted embryonic mouse CNS neurons into 
the adult rat fimbria (Davies et al., 1993), corpus callosum and cingulum (Davies et al., 1994) 
and observed rapid axonal outgrowth within the various host fibre tracts. The experiments 
were repeated in 1997 using an adult sensory neuronal population, the dorsal root ganglia 
(DRG, Davies et al., 1997). This was undertaken to assess if the earlier findings were 
independent of donor cell age (younger neurons possibly possessing a superior intrinsic 
regeneration capacity, or possibly not yet having acquired receptors for myelin). Again, 
strong neurite outgrowth occurred throughout the adult white matter tract – a region rich in 
myelin associated inhibitory molecules (described above, section 2.3). This effect was even 
observed in fibre tracts undergoing Wallerian degeneration. Axonal regrowth was only halted 
when entering the vicinity of a lesion site, where highly sulphated extracellular matrix (ECM) 
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molecules (i.e. CSPGs) were up-regulated (Davies et al., 1999). This led to the suggestion that 
ECM molecules in the region close to the lesion play the major role in the CNS regeneration 
failure – rather than myelin inhibtors. An intense and ongoing discussion on the relative 
merits of these 2 classes of axon growth inhibitory molecules has thus been initiated by the 
microtransplantation investigations.  
ECM Molecules 
The revelations provoked by the microtransplantation studies initiated further detailed 
research on the various participating inhibitory proteins of the glial scar-associated ECM 
molecules. Many of the ECM associated molecules that are up-regulated following traumatic 
CNS injury are molecules that play important roles for axon guidance during development via 
either chemoattraction or chemorepellent actions (for reviews see Grimpe and Silver, 2002; 
Koeberle and Bahr, 2004). One major constituent of these inhibitory molecules are the 
CSPGs. The CSPG family contains, among others, the members NG2, neurocan, versican, 
brevican, and phosphocan. All members are composed of a protein core and 
glycosaminoglycan (GAG) chains, two features, which vary among the different family 
members. Most of these CSPGs are known to be associated with glial boundaries during 
development (for review see Fitch and Silver, 1997) and were demonstrated to exert efficient 
repulsion on axonal growth in vitro (see for example for NG2 and Versican: Dou and Levine, 
1994; Fidler et al., 1999; Schmalfeldt et al., 2000). The importance of the proteoglycans in 
vivo stems mainly from the fact that most members are up-regulated following CNS injury, 
which lasts in general for about two weeks. The triggers for this up-regulation are believed to 
be the break-down of the blood-brain barrier and the inflammatory reaction (Fitch and Silver, 
1997). Depending on the level of up-regulation, NG2 (Jones et al., 2002) and neurocan (Tang 
et al., 2003) seem to be the proteoglycans that are of major importance in the inhibitory 
environment following CNS injury. Nevertheless, it has also been shown that certain CSPGs 
are capable of having a positive influence onto axonal growth. It was therefore suggested that 
CSPGs could be able both of an attractive and repellent influence on axonal growth due to 
interactions with certain chondroitin binding molecules (Faissner et al., 1994; Emerling and 
Lander, 1996). Jones and colleagues were, in 2003, able to show that after SCI, multiple 
axonal sub-populations associated themselves with CSPG-rich areas. Since the cellular 
sources of CSPGs in the PNS (such as Schwann cells and endothelial cells) also produce the 
growth attractive molecules L1 and laminin, it has been suggested that the permissiveness at 
the injury site could depend upon the balance of growth promoting and inhibitory molecules 
(Jones et al., 2003). The ability to enzymatically digest the GAG side chains of such ECM 
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molecules or to prevent GAG side chain synthesis and coupling to the ECM molecules has 
demonstrated substantial improvement in axonal growth following adult CNS injury (Moon et 
al., 2001; Bradbury et al., 2002; Grimpe and Silver, 2004). Remarkably, the CSPG family 
seems to mediate their repulsive effects through the induction of the same intracellular 
signalling pathway as the myelin inhibitors: the Rho-cascade (for review see Schwab J, 2004).  
 
The microtransplantation experiments performed by Silver and colleagues were not only 
instrumental in highlighting the importance of these ECM molecules at the point of injury, 
they have also gone some way to identifying the substrate over which axonal regeneration 
takes place at sites remote from the lesion site. It has been reported that the out-growing 
donor axons not only followed the general orientation of the white matter tracts, but that they 
were also closely aligned with host astrocytic processes. This observation thus raised the 
important notion that astrocytes were somehow able to present regenerating DRG axons with 
an environment which allowed them to overcome the inhibitory effects of white matter 
myelin (for review see Davies and Silver, 2000). More recently, in vitro investigations by 
Silver and colleagues have suggested that astrocytic fibronectin (FN) is responsible for this 
beneficial effect (Tom et al., 2004). 
2.5 Objectives of the Study 
Though the microtransplantation studies of Silver and colleagues have been instrumental in 
provoking many of the recent advances in the understanding of the cellular and molecular 
mechanisms involved in scar mediated axon inhibition (Davies et al., 1993, 1994, 1997, 
1999), two important issues have been over-looked or unsatisfactory addressed: 
 
1. Although CNS white matter was found to be conducive to orientated axonal 
regeneration, there was little or no correlative investigation into the potential axon 
growth promoting properties of CNS grey matter.  
 
2. Since robust axonal regeneration followed the given orientation of the host white 
matter tracts, it was suggested that the highly directional axonal outgrowth was 
supported by host astrocytic processes. However, the data used to support this notion 
was inconclusive. The fact that adult white matter tracts contain tightly packed and 
highly orientated populations of axonal and glial processes makes the identification of 
the growth promoting substrate particularly difficult. 
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These issues are important because experimental intervention strategies have clearly 
demonstrated that regenerating axons can extend through both white AND grey matter. It is 
manifestly important to be able to understand the mechanisms that support robust axonal 
extension through CNS tissue. Furthermore, a detailed understanding of the cellular and 
molecular mechanisms involved in the formation of axon growth-inhibitory as well as 
growth-promoting environments may help in the specific targeting of future intervention 
strategies intended to promote functional repair following injury. 
The current status of our understanding of donor axon regeneration within the host CNS 
prompted the formulation of the following hypotheses which were tested in the present 
investigation: 
 
1. Minimally damaged adult CNS grey matter is a supportive environment for robust 
neurite outgrowth from donor adult DRG neurons. 
 
2. If the orientated axonal outgrowth in the CNS white matter is influenced by astrocytic 
architecture, as already described by Silver and colleagues, then the highly 
disorientated pattern of astrocytic processes in the CNS grey matter should lead to a 
similar disorientated pattern of axonal growth. 
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3 Material & Methods 
3.1 Experimental Animals  
The use of experimental animals for these investigations, including those used for harvesting 
of donor material as well as for acting as hosts for the transplantation studies, was carried out 
at the Centre for Cellular and Molecular Neurosciences (CNCM), University of Liège. All 
experiments were performed in accordance with the local animal ethics committee. Two adult 
Sprague Dawley rats and eight adult enhanced green fluorescent protein (eGFP) mice were 
used as DRG donor experimental animals. The transgenic eGFP mouse (TgN (ß-act-) 01Obs 
to 05 Obs) contains the eGFP transgene that is under the control of a chicken beta-actin 
promoter and a cytomegalovirus enhancer (Okabe et al., 1997). This marker protein has 
proved invaluable for a number of investigations where the unequivocal identification of 
particular cell populations is required, for example for the recognition of donor cells within 
the host tissue following transplantation (Davies et al., 1999; Gaillard et al., 2004). A total of 
17 adult male Wistar rats (body weight 200 – 250g) were used as host experimental animals. 
Three host rats received donor rat DRG, while the remaining 14 host rats received eGFP-
positive mice DRG. In addition to this, a further 6 male Sprague Dawley rats were sacrificed 
as unlesioned control animals, with which normal antibody distributions in the rat brain were 
acquired. 
3.2 DRG Processing 
3.2.1 Dissection of the DRG 
Animals used for harvesting donor cells were rapidly killed by CO2 asphyxiation. To isolate 
the spinal canal, the skin was removed and the ribs on either side of the spinal column were 
cut and the intact vertebral column was removed.  The spinal column was then cut into two 
roughly equal pieces along the medial plane, and was placed into cold 0,1M phosphate 
buffered saline (PBS)/glucose (6g glucose/liter) and under microscopic control, spinal cord 
and dura were removed. The DRG were then gently removed from their recesses using fine 
forceps and placed into 0.1M PBS/glucose. 
3.2.2 Preparation of the DRG Suspension for Microtransplantation 
Immediately before transplantation, the freshly dissected adult DRG were spun at 1500 RPM 
(404 g) for two minutes to sediment pieces. The PBS/glucose was removed and the DRG 
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incubated for 45 minutes in a collagenase suspension (5 mg collagenase; Roche) in 1 ml 
buffer, pH 8 in a 37°C shaking incubator. A volume of 1ml trypsin (0.25 %, Gibco / ICN) was 
then added for 30 minutes in the same incubator to further digest the capsule around the DRG. 
The reaction was stopped by the addition of 0.5 ml fetal calf serum (FCS), and the suspension 
was centrifuged 5 min at 2000 RPM (719 g) and supernatant eliminated. After re-suspension 
in 1.5 ml PBS-glucose, the cells were gently dissociated. A small volume (approx. 2ml) of 
Percoll density gradient (1.3ml sterile Percoll (Amersham), 0.45 ml PBS (X10 concentrated), 
3.2 ml distilled H2O) was then added to the bottom of the glass tube and the suspension was 
spun for 10 minutes at 2500 RPM (1124 g). After the removal of the supernatant the pellet 
was resuspended in 50 µl PBS-glucose, resulting in an approximate neuronal cell 
concentration of 500 neurons/µl.  
3.3 Surgery 
3.3.1 The Microtransplantation Technique 
The microtransplantation method, originally described by Emmet and colleagues (Emmet et 
al., 1990), made it possible to investigate issues of graft-host interaction while avoiding the 
disadvantages of conventional transplantation, such as: 
- extensive damage in the host brain (necrosis, degeneration, haemorrhage) 
- massive glial activation and scarring 
- damage induced inflammatory response  
- little direct contact between host and donor cells at the outset of the investigation  
- varying transplant volumes and locations = poor reproducibility 
This sensitive approach to transplantation allows the grafting of compact and reproducible 
amounts of cells at precise locations into host tissue, accompanied by only minimal trauma 
and makes it possible for the donor cells to establish rapid and direct access to the host 
neuropil (Brook et al., 1993; Raisman et al., 1993). The microtransplantation technique was 
used in the following way (see also Schematic Figs. 1 and 2): a glass micropipette (external 
diameter ~70-100 µm) was housed in a “T”-junction (TJ) for direct connection with the 
needle valves (NV 1 and NV 2). The TJ was held in a block and was mounted directly into 
the stereotaxic apparatus, so that the axis of the pipette was vertical, parallel to the Z-axis of 
the apparatus. A small volume of donor cell suspension (1 µl) was loaded into the 
micropipette by lowering the pipette tip into the cell suspension, closing NV1, opening NV2 
and applying suction to it through a syringe. After closing NV2 the pipette was placed at the 
appropriate stereotaxic coordinates into the brain. By opening of NV1 precise amounts of the 
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cell suspension could be injected into the host brain by applying a series of controlled air 
pressure pulses within intervals of a few seconds. The pressure injection apparatus was based 
on the design by Amaral and Price (1983), in which an electrostimulator (constructed at the 
RWTH Aachen) provided pulses (12 volt, 10msec-1sec duration) which activated a Kuhnke 
solenoidal valve (H. Kuhnke GmbH Nr. 65261 12 Volt DC, switching current 300 mA) which 
controlled the passage of air pulses. The progress of ejection of cells from the micropipette 
was monitored by observing the meniscus of the cell suspension with the operating 
microscope.  
3.3.2 Stereotaxic Microtransplantation 
Prior to surgery, rats were given an intraperitoneal injection of 0.1 ml Rompun (2% 
Xylazinehydrochloride, Bayer) and 0.3 ml Ketalar (50mg/ml Ketamin, Pfizer). This resulted 
in an approximate 50 minute period of surgical anesthesia. The scalp was then shaved and 
disinfected (isobetadine). The host rats were then placed into the stereotaxic frame with the 
head firmly fixed into position. With a saggital incision from the front to the back of the head, 
the skin was reflected sideways. Above the approximate transplantation site, a burr-hole of ~3 
mm diameter was carefully drilled into the skull, until the dura could be seen. The dura was 
then gently opened to expose the surface of the brain. The cell suspension was loaded into a 
beveled glass micropipette which was then stereotaxically positioned within white matter 
(fimbria: stereotaxic coordinates 2.5 mm caudal to bregma, 2.5 mm lateral to the midline, 
4.36 mm below the surface of the brain; Schematic Fig. 3) or grey matter (thalamus: 
stereotaxic coordinates 3.25 mm caudal to bregma, 2 mm lateral from midline, 5.2 mm below 
the surface of the brain; Schematic Fig. 4). For fimbria transplants, a volume of 250nl DRG 
suspension was grafted and for thalamus transplants, 500nl were grafted. In order to let the 
cells settle in the chosen structure, the micropipette was left in position for 1 minute and then 
withdrawn slowly. The skin was then sutured and rats were given intraperitoneal antibiotics 
(3.3 ml Augmentin, 2000mg/ml). The animals were then allowed to recover and survived for 
a period of up to 8 days without immunosuppression (ISP). It was clear that all operated 
animals showed a rapid recovery from anesthesia and showed no signs of discomfort or 
abnormal behaviour. 
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Schematic Figure 1  
Block diagram of the microtransplantation system (modified from Emmet et al., 1990). 
 
 
 
 
 
 Schematic Figure 2 
Detail of the micropipette and holder: The 
micropipette is mounted in a T-junction (TJ) in the 
micropipette holder, both fixed in a brass block 
(B), which is adapted to the stereotaxic frame. NV 
1 and 2 are the needle valves (from Emmet et al., 
1990) 
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Schematic Figure 3  
Coronal schematic section of the rat brain (taken from Paxinos Atlas). Right side: Position of fimbria transplant. 
 
 
 
 
 
 
Schematic Figure 4 
Coronal schematic section of the rat brain (Taken from Paxinos Atlas). Right side: Position of thalamus 
transplant. 
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3.3.3 Tissue Processing 
Under terminal anesthesia (2ml chloral hydrate, intraperitoneal), the rats were killed by 
perfusion through the ascending aorta with 50 ml 0.9 % saline followed by 300 – 400 ml 4% 
paraformaldehyde (PFA) in PB solution, pH 7, 4. After careful dissection, the brains were 
post-fixed for 2 hours with 4% PFA, cryoprotected in 20% sucrose and frozen in isopentane. 
The brains were then stored in a -80°C freezer, ready for further processing. Brain 
hemispheres were cut in a cryostat (Leica CM 3050, -20°C) into 20 µm thick horizontal 
sections and kept free-floating in PBS containing 1% Triton-X 100 (PBT). Schematic Fig. 5 
gives a demonstration of the topographical presentation of the target regions in the prepared 
sections. 
 
 
 
Schematic Figure 5  
Photomicrograph of a horizontal thionin stained section (50 µm thick) through the rat brain, which reveals 
target regions and topographical directions of the host rat brain. Med: medial, lat: lateral. (original image by Dr. 
M. Suzuki, while at laboratory for Neurobiology, NIMR, Mill Hill, London) 
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3.4 Immunohistochemistry 
3.4.1 Antibodies 
The following range of monoclonal and polyclonal antibodies was used in the investigation: 
Primary antibody Production firm Dilution for 
P-I.* 
Dilution for 
DIF-I.** 
Monoclonal    
anti-Cd11b (OX42) Serotec 1:500 1:500 
anti-GFAP (glial fibrillary acidic 
protein) 
Sigma - 1:500 
anti-GFP  Chemicon - 1:1000 
anti-MAG Chemicon 1:2000 1:2000 
anti-nestin Chemicon 1:2000 1:2000 
anti-NF (neurofilament) 68, clone 
NR4 
Sigma 1:5000 1:2500 
anti-NF 160, clone NN18 Sigma 1:15000 1:7500 
anti-NF 200, clone NE14 Sigma 1:20000 1:10000 
anti-RECA-1 (rat endothelian cell 
antigen) 
Serotec 1:10 1:10 
anti-tubulin beta III isoform Sigma 1:20000 1:10000 
anti-tyrosine hydroxylase,  
clone TH16 
Sigma 1:5000 1:2,5000 
anti-vimentin, clone 9 Sigma 1:20000 1:10000 
Polyclonal    
anti-CGRP (calcitonin gene related 
peptide) 
Sigma 1:20000 1:10000 
anti-FN  Dako 1:1000 1:500 
anti-GFAP  Dako 1:150000 1:100000 
anti-GFP Chemicon 1:1000 1:1000 
anti-L1 Gift from Dr. Rathjen 1:75000 1:10000 
anti-MBP (myelin basic protein) Chemicon 1:5000 1:5000 
anti-NG2  Chemicon 1:4000 1:2000 
anti-serotonin Sigma 1:60000 1:30000 
anti-synaptophysin Dako - 1:2500 
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Secondary antibody Production firm Dilution for 
P-I.* 
Dilution for 
DIF I.** 
Biotinylated horse anti-mouse Vector 1:500 - 
Biotinylated goat anti-rabbit Vector 1:500 - 
Alexa fluor 488 
goat anti-rabbit 
Molecular Probes - 1:500 
 
Alexa fluor 488  
goat anti-chicken 
Molecular Probes - 1:500 
Alexa fluor 530  
goat anti- mouse 
Molecular Probes - 1:250 
Alexa fluor 594 
goat anti-mouse 
Molecular Probes - 1:500 
 
Alexa fluor 594 
goat anti-rabbit 
Molecular Probes - 1:500 
 
* Peroxidase-Immunohistochemistry 
** Double-Immunofluorescence-Immunohistochemistry 
Most of these antibodies have already been successfully used by our group for investigations 
in normal and pathological CNS in experimental animals as well as in post mortem tissues 
(e.g. Brook et al., 1998; Perez-Bouza et al., 1998; Brook et al., 2000; Buss et al., 2004; Mey 
et al., 2005). 
3.4.2 Peroxidase-Immunohistochemistry 
Free-floating sections were washed in PBT for at least 4 days in order to improve the 
penetration of antibodies into the sections. After 10 minutes incubation to block endogenous 
peroxidase activity (PBS containing 0.3% H2O2) and three short washes in PBT, unspecific 
antibody binding sites were blocked by a 1 hour serum block with PBT containing 3% normal 
goat serum or normal horse serum (Sigma), depending on the species from which the 
secondary antibody was derived. Sections were then incubated overnight at room temperature 
with the primary antibody diluted in antibody diluent (ABD, 1% bovine serum albumin in 
0.1M PBS) containing 1% Triton-X 100. The next day, sections were washed in PBS, and 
incubated for 1 hour at room temperature with the secondary antibody, diluted in ABD, which 
had been pre-incubated for 30 minutes with 3% normal rat serum and then spun 5 minutes at 
5000 RPM (2000 g; Eppendorf centrifuge 5415C). To visualise the immunoreaction, the 
avidin-biotin complex peroxidase method (ABC-Standard kit, Vector laboratories), followed 
by the 3, 3’ diaminobenzidine (DAB, Sigma) and H2O2 (0.003 %) were used. All sections 
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were given a 5 minute DAB development time before the reaction was stopped. Sections were 
then washed and mounted on to super-frost slides (Menzel) in PBS and air-dried over night. 
The next day they were counterstained with 0.02% thionin, dehydrated with ascending 
alcohol concentrations and xylene and cover-slipped with distyrene plasticizer xylene (DPX, 
Fluca). Each primary antibody was omitted for negative controls.   
3.4.3 Double-Immunofluorescence-Immunohistochemistry 
After the 1 hour serum block stage, sections were incubated overnight at room temperature 
with a mixture of primary antibodies diluted in ABD containing 1% Triton-X 100. All 
monoclonal primary antibodies were combined with polyclonal anti-GFP and all polyclonal 
antibodies with monoclonal anti-GFP. The next day, sections were washed and incubated for 
2.5 hours at room temperature with the appropriate secondary antibodies diluted in ABD.  
After further washing, sections received a nuclear counterstain with 6µg/ml diamidino-2-
phenylindole (DAPI, Calbiochem, 5 minutes) in PBS and were mounted on super-frost slides 
(Menzel) in PBS and cover-slipped with immuno fluor-mounting medium (ICN Biomedicals). 
During the secondary antibody stages of the immunofluorescence protocol, sections were 
maintained in light-tight containers. Each primary antibody was omitted for negative controls.   
3.5 Microscope and Images 
All sections were viewed with a Zeiss Axioplan microscope. Double immunofluorescent 
sections were visualised at wave lengths of 510 nm for Alexa fluor 488, 645 nm for Alexa 
fluor 594 and 395 nm for Alexa fluor 530 or DAPI visualisation. To assess the approximate 
amount of transplanted cell bodies (n=4), the cell bodies were counted in every third section, 
which guaranteed a 60µm interval, to avoid double counting of individual neuronal profiles. 
The amount of cell bodies was then multiplied by 3 to give a semi-quantitive estimation of the 
absolute cell number in the grafts. Furthermore, a semi-quantitive analysis of axonal 
behaviour was undertaken: orientated regeneration was defined as donor axons following 
the orientation of host structures, the angle between the donor and host structures being 
approximately 10° or less. Co-localisation was defined as the constant spatial ovelapping of 
donor axons with host structures for distances of at least 40µm. For this analysis, 
approximately 100 examples of donor-host interactions were examined and the data 
represented in percentage values.  
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Light microscopic images were taken with a Zeiss Axiocam camera adapted to the 
microscope and stored using Axiovision 3.1 software. Double immunofluorescent sections 
were either photographed using the Zeiss Axioplan epifluorescence microscope, or using a 
Leica confocal laser microscope (with the assistance of Dr. J. Mey, Biologie II, RWTH) at 
wave lengths of 488 nm for Alexa fluor 488 visualisation and 543 nm for Alexa fluor 594 
visualisation and stored with Leica confocal software. All confocal pictures were taken as 
single plane images. Afterwards all images were treated with adobe photoshop 7.0 to optimise 
their quality.  
Results  
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4 Results 
4.1 Rat DRG Transplantation  
Immunoreactivity (IR) for CGRP revealed that the donor adult rat DRG neurons were 
successfully microtransplanted and integrated into the host thalamus (arrow in Fig. 1A). The 
grafts varied in overall morphology, often presenting themselves as small clusters of cells that 
were scattered throughout an area which extended approximately 600µm vertically and 
300µm horizontally throughout the thalamus (Fig. 1B). The donor cells appeared to be fairly 
well restricted to the transplant area – with little or no indication of migration or passive 
spread. Many transplanted cells were located at the surface of the thalamus, cranial to the 
intended transplantation site. Even though a period of 1 minute was allowed before 
withdrawing the pipette, cells had probably been drawn back up through the pipette-made 
channel as it was being removed from the brain. The donor cell bodies demonstrated various 
shapes, from round to oval, to longish and angular, and ranged in diameters between 10-
40µm. Intense IR for CGRP (arrowheads in Fig. 1B), in contrast to non-stained DRG profiles 
(arrows in Fig.1B), revealed that approximately 30 % of the transplanted cell population had 
been visualised by CGRP-IR. While some axons were coursing within the graft (short arrows 
in Fig. 1B), many donor axons exited from the transplantation site and penetrated the 
surrounding thalamic neuropil for distances up to 800µm (Fig. 1C), which meant a maximum 
speed of ~200µm/day. They ranged in diameters from 0.2 to 2µm, had few collaterals and 
appeared not to build fascicles with each other, but rather coursed individually through the 
host nervous tissue (Fig. 1D). Though axons emerged from various aspects of the graft-host 
interface, their growth seemed to be orientated mainly in a frontal and occipital direction 
within the thalamus (e.g. in Fig. 1C). This orientated outgrowth strongly suggested that the 
axons were following particular guidance cues.  
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Figure 1 (A-D)  
Microtransplanted rat DRG within the thalamus can be identified by CGRP-IR. Horizontal sections of donor 
cells within host thalamus processed for light microscopy. During the preliminary rat-to-rat experiments, some 
degree of freezing artefact occurred, which presumably led to the high background. (A) Overview of the 
transplantation site. The graft is well detectable in the thalamus (arrow). Also visible are the fimbria (black 
asterisk) and striatum (white asterisk). (B) Higher magnification of the graft reveals a few small diameter CGRP-
positive DRG neurons (arrowheads). Non-stained DRG profiles can also be detected (arrows). In between and 
around donor DRG, numerous CGRP-positive axons can be seen (short arrows). (C) Moderate numbers of donor 
CGRP-positive axons extend from the graft and invade the host thalamus (arrows). (D) The outgrowing axons 
meander singularly through the host neuropil (arrows). Sections have a light thionin counterstain. Scale bars: (A) 
500µm, (B) 100µm, (C,D) 50µm. 
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4.2 eGFP-positive Mouse DRG Transplantation 
4.2.1 The Graft  
Transplantation into the Fimbria 
The microtransplantation of adult eGFP mouse DRG suspensions into the host rat fimbria 
resulted in ovoid shaped grafts, which were well detectable by strong GFP-IR (Fig. 2A). 
Unfortunately the exact transplantation site varied such, that some grafts were located in the 
alveus of the adjacent hippocampus, or were even found in the ventricular space rather than in 
the fimbria. The grafts extended approximately 200 µm vertically and 200 µm horizontally 
throughout the host white matter, thereby showing good integration into the host fibre tract. 
Neurites coursed within the graft and also exited the graft, thereby leaving from both “poles” 
of the transplant, and extended in the same direction as the host fibre tract (Fig. 2B). These 
regenerating axons invaded the rostral and occipital host white matter rapidly (Fig. 2C), 
covering distances of up to 3 mm, which meant a maximum speed of ~600µm/day. The vast 
majority of the donor axons (>80%) followed the general orientation of the host 
interfascicular glial rows (arrows in Fig. 2B). They did not form fascicles, but followed the 
fibre tract as individual axons, only seldom establishing collaterals (Figs. 2C,D). A few 
regenerating donor axons however grew perpendicular to the general orientation of the fibre 
tract, obviously following different guidance cues (large arrow in Fig. 2B). Double 
immunofluorescence for GFP (green) and GFAP (red) was used to investigate the relationship 
between the donor axons and the host astrocytes. The results clearly indicated that the donor 
axons followed the general orientation of the astrocytic processes in the host fibre tract (Figs. 
2E,F), largely in the absence of any close co-localisation (arrows in Figs. 2E,F), only 
occasionally (~3%) could a close alignment be found (arrowheads in Fig. 2E). 
 
Legend for Figure 2 (A-F) page 23 
Microtransplanted mouse eGFP-positive DRG located within white matter tracts. Donor cells and processes 
identified by anti-GFP immunohistochemistry for light microscopy (A-D), and double immunofluorescence for 
GFP (green) and GFAP (red) (E,F). (A) The ovoid shaped graft is clearly visible in the host fimbria. (B) Higher 
magnification reveals the dense cluster of GFP-positive mouse DRG, from which neurites extend along the long 
axis of the host fibre tract (arrows), while others extend perpendicular to it (large arrow). (C) (fimbria) and (D) 
(alveus) Higher magnification images of donor DRG axons show individual profiles lacking collaterals. (E) The 
donor axons (green) follow the general orientation of the white matter tract (here alveus). They show no close 
apposition to host GFAP-positive (red) astrocytic processes (arrows). Only in some instances do they align 
themselves closely to the host astrocytic processes (arrowheads). (F) A donor axon (arrow) follows the 
orientation of the host fibre tract (here alveus), without intimate alignment to the astrocytic processes. Thionin 
counterstain A-D. Scale bars:  (A) 200µm, (B) 100µm, (C) 20µm, (D,E) 50µm, (F) 10µm. 
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Transplantation into the Thalamus 
Suspensions of adult eGFP mouse DRG, microtransplanted into the thalamic neuropil of adult 
rats, were readily detectable by their intense GFP-IR (Figs. 3A-C). Though these transplants 
showed similar overall morphology to the rat-to-rat transplants, the complexion of the cluster 
of transplanted cells appeared to be denser than in the rat-to-rat graft, presumably due to 
expression of eGFP in all donor cells (Figs. 3A-C). The grafts contained generally 205 
neuronal cells, but as mentioned earlier, many cells were found in a more cranial position than 
anticipated. The donor axons showed the first signs of fibre outgrowth from the first day after 
transplantation, when they started to establish short regenerative axonal sprouts (Fig. 3B). At 
one week after transplantation, axonal outgrowth had become rapid and vigorous, showing 
hundreds of regenerating donor axons, far more than observed in the rat-to-rat transplants 
(Figs. 3C,E), with some donor axons even covering substantial distances of up to 1600µm, 
which meant a maximum speed of ~200µm/day. Eventually some axons even reached host 
structures beyond the thalamus, such as in the optic nerve layer of the superior colliculus 
(Figs. 3D,F). Though axons emerged from the various edges of the graft, their growth was not 
uniformly distributed, but rather showed a preference for particular directions, which they 
followed in a generally orientated manner (Figs. 4A-C). These preferred growth directions 
varied, depending upon the positions of the grafts within the thalamus. Figures 4A, B and C 
show, for example, a graft positioned in the nucleus reticularis thalami and the axonal growth 
extended occipitally for up to 1600µm. Here the donor GFP-positive axons grew in a highly 
orientated manner, however, nearly all of these axons demonstrated abrupt changes in 
direction, often revealing 90o turns. The regenerating donor axons generally did not form 
fascicles, but rather invaded the host nervous tissue as individual axons with only few 
collaterals. The pattern of growth followed by such axons seemed to “meander” through the 
host neuropil in a particular direction (rather than following a strictly orientated pathway), 
presumably by-passing obstacles such as host cell bodies and dendrites (Figs. 5A,B). Many 
growth cones of the donor axons displayed complex branching patterns (Figs. 5C; 6A,B). 
Interestingly, in some instances the regenerating axons demonstrated also highly complex 
terminal-like branching patterns with small varicosities, reminiscent of synaptic boutons 
(Figs. 5D; 6C,D). These complex figures could readily be found within the vicinity of the 
graft (e.g.  Fig. 5D), as well as farther away, at different locations in the thalamus (e.g. Fig. 
6D in the latero-dorsal thalamic nucleus).  
Although, the graft was sometimes situated next to the internal capsule, the donor axons 
generally did not enter this white matter tract, but preferred to extend within the grey matter. 
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However, most axons (~70%) of grafts which were, by chance, transplanted directly into fibre 
tracts within the thalamus, grew rapidly and uniformly, following the orientation of the white 
matter (Figs. 6E,F). Once again, a small proportion (~30%) of axons grew diagonally to the 
orientation of the tracts or demonstrated 90o turns (large arrows in Figs. 6E,F). In general, 
only moderate signs of rejection were seen, such as a minor degree of perivascular cuffing. 
Results  
 
Figure 3 (A-F) 
Donor mouse eGFP DRG within the thalamus. (A) Overview of grafted DRG 24 hours after transplantation, (B) 
high magnification reveals short axonal sprouts (arrows). (C) Transplanted donor cell bodies at 1 week after 
transplantation. By this time numerous donor axons have penetrated the host neuropil. All grafts appear very 
densely packed, which suggests IR for GFP in all cell bodies. (D) Numerous donor axons leave the transplant 
orientated in the same general direction (Box 1, seen at higher magnification in E) and some axons even reach 
beyond the thalamus up to 1500µm from the graft (arrows). (Box 2, seen at higher magnification in F). Thionin 
counterstain A-C. Scale bars: (A) 100µm, (B,C,E,F) 50 µm, (D) 500µm. 
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Figure 4 (A-C) 
Confocal microscopy of eGFP-positive donor DRG and axons. Highly orientated eGFP-positive axonal growth 
within host thalamic grey matter. The figures present a non-stained section, in which the donor DRG neurons 
and axons are detectable by their intrinsic expression of eGFP. (A,B,C) From the cluster of cells situated in the 
nucleus reticularis thalami (asterisks in Figs. 4A,B) the donor axons grow occipitally into the thalamic neuropil 
(arrows). At various points along their trajectories, abrupt 90o turns are evident (large arrows). Scale bars: (A,B) 
100µm,(C) 50µm. 
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Figure 5 (A-D)  
Donor axons extend individually throughout the thalamic neuropil and reveal growth cone- and terminal-like 
arborisations. Immunohistochemical detection of GFP-positive donor profiles. (A,B) Fine diameter GFP-positive 
axons meander through the host thalamic neuropil (arrows) circumventing obstacles such as host cell bodies 
(short arrows).  Donor axons show minimal collateral sprouting (arrowheads). (C) In numerous instances, 
complex growth cone-like processes can be seen (arrow). (D) Complex branches with terminal-like varicosities 
can also be found (arrows). Thionin counterstain A-D.  Scale bars: (A,B) 40µm, (C,D) 20µm. 
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Figure 6 (A-F) 
Immunohistochemistry for GFP revealing both simple and complex growth patterns of donor axons. (A,B) Two 
examples of axons which present complex growth cone-like structures (arrows). (C,D) Two examples of 
synaptic terminal-like boutons (arrows). (E,F) Highly orientated donor axons from grafts which, by chance, fell 
within white matter bundles in the host thalamus. In these instances they follow the given orientation of the host 
fibre tracts (arrows), while also some axons exert the familiar 90o turns (large arrows). Scale bars: 20µm. 
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4.2.2 CGRP-positive Donor Mouse DRG 
CGRP-IR was used to confirm that the mouse-to-rat-transplants behaved similar to the earlier 
rat-to-rat-transplants concerning the percentage of the sub-population of CGRP-positive DRG 
within the graft. Furthermore, it was important to determine whether the extensive neuritic 
outgrowth was due to the properties of one particular population of DRG. As a positive 
internal control for the quality of CGRP-IR performed on this material, we checked for the 
intensity and distribution of endogenous CGRP in other brain areas as well as in spinal cord. 
Within the normal adult rat CNS, moderately intense CGRP-IR was found in the cell body 
and dendrites of a population of neurons in the medial septal nucleus (Figs. 7A,B). In the 
superficial layers of the dorsal horn, intense staining CGRP-IR was evident. Inspection of the 
sections at higher magnification revealed axon bundles and even individual fine calibre axons 
penetrating the deeper layers of the dorsal horn (Figs. 7C,D). Within the ventral horn of the 
spinal cord, moderately intense intracellular IR could be seen with the cell body of a sub-
population of motor neurons (Fig. 7E). The thalamus however was devoid of resident CGRP-
positive fibres or cell bodies (Fig. 7F). In the transplanted animals up to a maximum survival 
time of 8 days, approximately 30% of the donor neurons were CGRP-positive (Figs. 8A-F). 
This CGRP-positive sub-population of neurons seemed to show no difference in average 
morphology in comparison to the CGRP-negative neurons. Similarly, approximately 30% of 
the regenerating donor axons were also CGRP-positive (Fig. 8G), demonstrating CGRP-
positive axons within the vicinity of the graft as well as in distant areas, which only minor 
numbers of axons could penetrate.  
Results  
 
Figure 7 (A-F) 
Peroxidase immunohistochemistry for CGRP in control, non-grafted areas of the adult rat CNS.  (A,B) A sub-
population of mildly CGRP-positive neurons resides in the medial septum (arrows). (C,D) Intense CGRP-IR in 
the spinal cord is restricted to the superficial layers of the dorsal horn (arrow). (E) Moderate CGRP-IR is also 
found in sub-populations of motoneurons (arrow). (F) The adult rat thalamus contains no CGRP-IR. Light 
thionin counterstain. Scale bars: (A,C) 500µm, (B) 50µm, (D,F) 100µm, (E) 20µm. 
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Figure 8 (A-G)  
Microscopy of double immunofluorescence for GFP (green) and CGRP (red) was used to investigate the 
proportion of CGRP-positive neurons and axons among the surviving and regenerating donor cell population. To 
better visualise the degree of overlap between the red and green signals, data is displayed in the following 
sequence (A,D,G) combined signals, (B,E) anti-GFP-IR, (C,F) anti-CGRP-IR. (A-C) (confocal microscopy) A 
substantial amount of the donor cell bodies demonstrates a very clean green signal to which no corresponding red 
signal can be found (arrows). Only approximately 30% of the donor neurons display both the green and the red 
signal (arrowheads). (D-F) (epifluorescence microscopy) A closer view of a few donor cells reveals as well 
CGRP-positive neurons (arrowheads), as also negative profiles (arrows). (G) (confocal microscopy) Large 
numbers of donor axons only express a green signal (arrows). Approximately 30% of the donor axons display a 
yellowish to reddish signal (arrowheads), which accounts for their CGRP-positivity. Scale bars: (A,B,C) 60µm, 
(D,E,F) 40µm, (G) 30µm. 
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4.2.3 Growth Inhibitory ECM Molecules 
Immunohistochemistry for a member of the axon-repulsive sulphated proteoglycans, such as 
NG2, was used to assess the degree of trauma, inflicted to the host tissue by the 
microtransplantation of the donor cells. NG2-IR within the thalamus of the normal, 
unoperated rat brain was demonstrated by weakly stained cell bodies and profiles – 
presumably of oligodendrocyte precursor cells. Although these cells were weakly stained, it 
was often possible to see that they had the same size and morphology as the more strongly 
stained cells in the cerebral cortex (e.g. Fig. 9A). An overview of the transplantation site 
showed a significant up-regulation of NG2-IR around the transplanted donor cells. The raised 
IR appeared to have both cellular and extracellular components when viewed by confocal 
microscopy and covered the donor cells, presenting a shell of intense staining around the 
transplant, which was approximately 20-100µm thick (Fig. 9B). This area of dense NG2-IR 
did not, however, appear to prevent the donor axons from spreading vigorously into the host 
thalamic neuropil, which they did mostly in two directions (Fig. 9C). Nevertheless, in a few 
animals, in which the degree of NG2 expression was stronger than in the others, seemingly 
fewer regenerating DRG axons were to be found (data not shown). High magnification 
microscopy of the donor axons further away from the transplant demonstrated that the course 
of their regenerative path brought them in close proximity to occasional NG2-positive host 
cell bodies and processes, however, no evidence of significant overlap of the signals could be 
found to indicate that such host structures may be supporting the axonal growth (Figs. 9D,E). 
 
 
 
 
 
 
Legend for Figure 9 (A-E) page 34  
Interaction between donor mouse DRG and host NG2-positive structures. (A) Peroxidase immunohistochemistry 
of NG2-positive cells within the cerebral cortex. Basal level of staining in the thalamus revealed a weak staining 
of host cells. The staining was too weak and of low contrast, preventing any reasonable quality photography. (B-
E) Confocal (B-D) or epifluorescence (E) microscopy of double immunofluorescence for GFP (green) and NG2 
(red). (B) Ring of increased NG2-IR surrounding the grafted cells (short arrow). Donor axons extend through 
and beyond the area of raised NG2-IR to extend into the surrounding thalamic neuropil (arrows). (C) An 
overview of a few cells at the edge of the graft reveals only mildly up-regulated NG2 expression around the 
transplant (short arrow). The donor axons are leaving the graft, thereby growing mainly into two directions 
(arrows). (D) and (E) Trajectories of donor axons come in close proximity to, but appear unaffected by NG2-rich 
cell bodies and processes. Light thionin counterstain in A. Scale bars: (A,B,D) 50µm, (C) 100µm, (E) 40µm. 
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Figure 9 (A-E) 
(Legend see page 33) 
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4.2.4 Synaptic-like Terminal Arborisations 
Although DRG are a population of neurons which project to the nucleus gracilis and nucleus 
cuneatus in the brain stem, there is no „normal“ target for these axons within other regions of 
the brain. However, peroxidase immunohistochemistry for GFP had revealed distribution 
patterns of numerous donor axons which showed multiple, fine end-branches with 
varicosities, reminiscent of synaptic boutons within the thalamic neuropil. To investigate 
whether the DRG were able to generate synaptic connections in the host brain, double 
immunofluorescence for GFP (green) and synaptophysin (red) was undertaken. The data 
suggested that donor cell bodies neither received synaptic input from the surrounding host 
tissue (Fig. 10A), nor could any of the GFP-positive, bouton-like structures, be co-localised 
with synaptophysin (Fig. 10B).  
 
Figure 10 (A,B) 
Confocal microscopy of double immunofluorescence for GFP (green) and synaptophysin (red) to assess possible 
synaptic contacts between the donor DRG and host thalamic structures. (A) Cell body of a small diameter donor 
mouse DRG. Although numerous synaptophysin-positive terminals are nearby (short arrows), there is little or no 
indication of synapse formation on donor cells. (B) Donor axon with many small terminal-like varicosities, 
reminiscent of synaptic boutons (arrows). However, these structures do not co-localise with synaptophysin-IR. 
Scale bars: (A) 10µm, (B) 20µm. 
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4.2.5 Possible Host Substrates for Extensive Donor Axon Regeneration 
4.2.5.1 Blood Vessel Walls 
Immunofluorescence for RECA1, which specifically identifies rat endothelial cell antigen, 
was used to detect the host blood vessel walls. Since blood vessels are surrounded by axon 
growth-promoting ECM molecules such as substrate type IV collagen, laminin and FN, it 
seemed logical to investigate the possibility that regenerating donor mouse DRG axons were 
using such vessels as a substrate for their growth through the thalamic neuropil. The vessel 
architecture of normal, unoperated CNS grey and white matter is shown in Figs. 11A,B. The 
blood vessels in the normal brain demonstrate a fairly uniform distribution throughout the 
grey matter (Fig. 11A) and white matter (Fig. 11B), however, there was clearly a greater 
density of vessels in the grey matter. The diameter of blood vessels ranged from 
approximately 5µm - 200µm. The vessels within white matter tracts were generally not 
aligned with the long axis of the fibre tract.  
There was no indication of graft-induced angiogenesis in any of the transplanted animals with 
no apparent change in vessel number, density or orientation in and around the implant site. 
Transplants which deposited donor cells very close to large blood vessels resulted in the close 
association of donor axons to the vessel wall in the vicinity of the graft. However, these axons 
rapidly grew away form the vessel wall and continued to extend through the host thalamic 
parenchyma (e.g. Fig. 13C, page 41). Furthermore, the path of most regenerating donor 
axons, some distance from the graft was clearly unaffected by the presence of vessels that 
they encountered during their growth (Fig. 11C). Donor axons that eventually hit a blood 
vessel sometimes adopted its orientation for a short distance before moving away again (here 
~10-20µm, Fig. 11D). However, most axons (~99%) followed their trajectories without using 
blood vessels as a substrate (Fig. 11E). Blood vessels could therefore be excluded as a 
possible substrate for donor axon outgrowth within the host thalamic grey matter.  
 
Legend for Figure 11 (A-E) page 37 
Donor mouse DRG axons do not use host blood vessel walls as their main substrate during extension through the 
adult rat thalamus. (A,B) Peroxidase immunohistochemistry for RECA1 was used to show the distribution of 
blood vessels in normal, unoperated adult rat CNS.  (A) Blood vessels of varying diameters and relatively high 
density appear evenly distributed throughout the thalamic grey matter. (B) In white matter tracts (here fimbria) 
blood vessels again show an even distribution, but are of lower density compared to those in grey matter. (C-E)   
Confocal microscopy of double immunofluorescence for GFP (green) and RECA1 (red). (C) From the graft-host 
interface numerous axons invade the host neuropil (arrows). They appear to spread in a manner uninfluenced by 
the nearby vessels. (D) When, by chance, donor axons encounter a vessel, they usually follow it for a very short 
distance and quickly move away again (arrows). (E) Donor axon passes underneath a host vessel and maintains 
its trajectory (arrow). Thionin counterstain in A,B.  Scale bars: (A) 100µm, (B) 50 µm, (C,D,E) 40 µm. 
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Figure 11 (A-E) 
(Legend see page 36) 
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4.2.5.2 Astrocytes 
Immunohistochemistry for a number of intermediate filament proteins (i.e. GFAP, vimentin 
and nestin) was used to investigate the astroglial response to the microtransplantation 
procedure and to determine if the regenerating donor axons employed the host astroglial 
network as a substrate for their outgrowth. This approach seemed important, since astrocytes 
are known to have growth-supportive properties during development (Powell et al., 1997) and 
Silver and colleagues laid particular emphasis upon the role of the astrocytic framework for 
promoting orientated axonal regeneration (Davies et al., 1997; 1999). In the normal brain, 
GFAP-positive astrocytes presented an evenly distributed and well organized network (Fig. 
12A). In contrast to this, nestin- and vimentin–IR was mainly found in endothelial cells in the 
grey and white matter of the normal brain (Figs. 13A; 14A). Vimentin was also expressed by 
a sub-population of astrocytes, which resided in the white matter (Fig. 13B) and nestin was 
expressed by a population of specialised astrocytes (tanycytes) lining the 3rd ventricle and also 
by occasional astrocytes in the white matter (Fig. 14B). Both latter filaments were also up-
regulated in astrocytes in the course of CNS injury and therefore used to identify the 
population of reactive astrocytes around the lesion site. 
Host astrocytes responded to DRG microtransplantation with only a moderate up-regulation 
of their intermediate filaments, which was seen in cell bodies and their processes, extending 
approximately 50-100µm around the graft. The processes of these reactive astrocytes often 
radiated towards the grafts (Figs.12B,C; Fig. 13C; Figs. 14C-D). However, despite this clear 
glial reactivity, donor axons invaded the host neuropil vigorously, again often showing 
definite preferences for certain directions (being e.g. medio-frontal and latero-occipital in Fig. 
14C). Higher magnifications of the graft revealed various relationships between the donor and 
host structures in the grey matter: individual donor axons often followed the general 
orientation of the astrocytic processes, but usually without establishing any intimate contact 
(arrows in Figs. 12C-F; Fig. 13C; Figs. 14C-E). Sometimes donor axons even ignored the 
overall direction of the astrocytic processes and traversed the host processes. Only seldom 
(~3%) did donor axons display a close co-localisation to the host astrocytes (arrowheads in 
Fig. 12C; Figs. 14D,E). Furthermore, vimentin immunohistochemistry revealed numerous 
donor axons exiting the DRG graft, initially winding themselves around the nearby vimentin-
positive vessel (Fig. 13C). In situations where donor DRG neurons were, by chance, grafted 
directly into the highly organized white matter bundles in the cranial thalamus, the donor 
axons followed the general orientation of the host fibre tract, as already indicated for grafts in 
the fimbria (Fig. 13D). Higher magnification revealed that the donor axons were mostly 
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following the orientation of the small host fibre tracts (arrows in Fig. 13E) rather than 
aligning along the astrocytic processes themselves (~4% co-localisation, arrowhead in Fig. 
13F). 
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Figure 12 (A-F) 
Interactions between donor DRG and host GFAP-positive astrocytes.  (A) Peroxidase immunohistochemistry for 
GFAP demonstrates the astrocytic framework in normal grey matter. (B-F) Confocal microscopy of double 
immunohistochemistry for GFP (green) and GFAP (red). (B,C) Reactive astrocytes demonstrate a moderate up-
regulation of GFAP and extend processes towards the graft (short arrows). Numerous donor axons invade the 
host neuropil (arrows), only rarely short co-localisation is demonstrated (arrowhead). (D-F) Regenerating mouse 
DRG axons (arrows) completely by-pass the cell body and processes of nearby astrocytes. Light thionin 
counterstain in A. Scale bars:  (A,D,F) 30µm, (B) 100µm (C,E) 40µm. 
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Figure 13 (A-F) 
Interactions between donor DRG and host vimentin-positive astrocytes. (A,B) Peroxidase 
immunohistochemistry for vimentin demonstrates the distribution of blood vessels in normal grey matter (A) and 
also a population of astrocytes in the white matter (B). (C-F) Confocal microscopy of double 
immunofluorescence for GFP (green) and vimentin (red). (C) Donor cells and axons (large arrows) closely 
adhere to a local blood vessel (asterisk) wall, while numerous other axons leave the graft (arrows). (D-F) Donor 
DRG and their regenerating axons (arrows) in white matter bundles within the thalamus. Close inspection 
reveals that although GFP-positive axons are mostly following the same orientation of the white matter 
astrocytic processes, they are not using these processes as their main substrate (arrows). Only seldom they get 
shortly into closer touch (arrowhead). Thionin counterstain in A,B. Scale bars: (A) 50µm, (B) 100µm, (C,D) 
40µm, (E) 20µm, (F) 10µm.  
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Figure 14 (A-E) 
(Legend see page 43) 
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4.2.5.3 Fibronectin 
Though our experiments did not confirm astrocytes to be responsible for supporting the 
orientated outgrowth of the donor DRG axons, during the course of our investigation, Silver 
and colleagues presented new experiments that suggested astrocyte-associated FN to be the 
substrate of axonal outgrowth in a white matter in situ model (Tom et al., 2004). Therefore we 
used FN immunohistochemistry to examine possible interactions between FN and the donor 
DRG. In normal unoperated rat brains, FN-IR was largely associated with blood vessel walls 
(Fig. 15A); no evidence was found for FN expression by host astrocytes in neither white nor 
grey matter. 
Interestingly, in microtransplanted rat brains, not only blood vessel walls expressed FN, but 
there was also IR associated with the graft itself (Fig. 15B). Strong staining was found in 
between transplanted neuronal cell bodies, through which donor axons extended within the 
transplant borders (Figs. 15C,D). Concerning the cellular source of this FN, double 
immunofluorescence for GFAP and FN failed to prove a close co-localisation between host 
astrocytes and FN (Fig.15E). Furthermore, since there was no overlap between cellular GFP-
IR and FN-IR (large arrows in Figs. 15C,D), it could also be excluded that the increased FN 
presence at the lesion site was derived from the donor cells.  
Concerning possible co-localisation beyond the limited area of increased FN-IR at the lesion 
site, it could be seen that some (~1%) of the donor axons occasionally grew along FN-positive 
blood vessel walls for short distances, while others simply traversed them and extended rather 
independently as already observed with RECA1-IR (Fig. 15F). Taken together, these results 
indicate that although FN may have a positive influence on axonal regeneration within the 
restricted site of transplantation, it did not seem necessary for supporting the orientated 
outgrowth of donor DRG axons throughout the thalamic neuropil of adult rats. 
 
 
 
 
 
Legend for Figure 14 (A-E) page 42 
Interactions between donor DRG and host nestin-positive astrocytes. (A,B) Peroxidase immunohistochemistry 
for nestin demonstrates the distribution of blood vessels in normal grey matter (A) and also occasional astrocytes 
in the white matter (B). (C-E)  Confocal microscopy of double immunofluorescence for GFP (green) and nestin 
(red). (C) Reactive astrocytes around the graft can be identified by their increased nestin expression (short 
arrow). The outgrowing donor axons invade the host neuropil, mainly into two directions (arrows). (D,E) 
Numerous donor axons (arrows) exiting the graft by-pass local activated astrocytes. Only seldom do they display 
short co-localisation (arrowheads). Light thionin stain in A,B. Scale bars: (A,B,C) 50µm, (D,E) 20µm. 
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Figure 15 (A-F)  
Epifluorescence (A-E) and confocal (F) microscopy of immunofluorescence for FN (red) single (A,D), or 
combined with GFP-positive donor material (green) (B,C,F) or GFAP-IR (blue) (E). (A) Unlesioned rat brains 
demonstrate lots of FN-positive blood vessels in the thalamus (arrows) and also FN-IR on the meninges (short 
arrow). (B) Overview of the transplantation site reveals FN expression on a large host blood vessel (asterisk) and 
a local FN increase at the lesion site (large arrows). (C,D; corresponding images) The dense FN-IR within the 
graft lies particularly in between the donor cell bodies without overlap (large arrows). Donor axons often grow 
onto FN within the graft borders (arrowheads). (E) The increased FN-IR at the transplantation site (asterisk) 
shows no close connection to host astrocytes. (F) Within the host neuropil donor axons grow individually 
(arrows), only seldom short alignments to FN-positive blood vessels are made (arrowhead). Scale bars: (A) 
60µm, (B,E) 30 µm, (C,D) 10µm, (F) 20µm. 
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4.2.5.4 Microglia 
Since astrocytes were clearly not the substrate for donor axon growth, an alternative 
population of cells for investigation were the microglia.  This population of cells is not widely 
appreciated for their growth promoting properties, as are astrocytes; but nevertheless, 
evidence has been presented which describes their ability to enhance neurite outgrowth 
(Rabchevsky and Streit, 1997). Therefore, we used CD11b (Clone OX42) IR to explore the 
interactions between microglia and the donor axons and also to investigate the extent to which 
microglia are up-regulated following microtransplantation. In unoperated rat brains, 
immunohistochemistry for CD11b demonstrated evenly distributed microglial cell bodies and 
processes throughout the normal grey and white matter (Fig. 16A). Higher magnification 
revealed the extensive ramification of the resting microglial processes (Fig. 16B).  
Similar to the astroglial response, a moderate microglial reaction could be observed which 
extended approximately 30-100µm around the lesion site (Fig. 16C). The reactive microglia 
were generally more intensely CD11b immunoreactive but were still also process bearing. 
The donor axons extended into the host neuropil without more than occasional (<1%) close 
co-localisation to the microglial processes (arrows in Figs. 16C,D). Some regenerating axons 
demonstrated highly convulted growth patterns, reminiscent of axons that had possibly 
encountered a growth repulsive environment (large arrow in Fig. 16D). More distant from the 
graft, individual donor axons could be seen by-passing mildly activated or resting microglia 
(Figs. 16E,F).  
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Figure 16 (A-F) 
Interactions between donor DRG and host CD11b-positive microglia. (A,B) Peroxidase immunohistochemistry 
for CD11b demonstrates cell bodies and ramified processes of resting grey matter microglia. (C-F) Confocal 
microscopy of double immunofluorescence for GFP (green) and CD11b (red).  (C) Clear activation of microglia 
around the transplant indicated by raised CD11b-IR (short arrow), with donor axons leaving the transplantation 
site (arrows). (D) Complex pattern of axon regeneration (large arrow) close to the graft suggesting axons 
possibly encountering growth inhibitory environment. (E-F) Further from the graft, axons (arrows) appear to by-
pass moderately activated or resting microglia. Thionin counterstain in A,B. Scale bars: (A) 60µm, (B) 30µm, 
(C,D) 40µm, (E,F) 20µm.  
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4.2.5.5 CNS Myelin  
CNS myelin has long been regarded as one major inhibitor of neurite outgrowth in the CNS 
(Schwab, 2002). However, the recent microtransplantation studies of Silver and colleagues 
demonstrated clear evidence for DRG axon regeneration along myelinated white matter tracts 
(Davies et al., 1997, 1999).  Thus it was deemed essential to explore the interactions between 
regenerating donor DRG axons and host CNS myelin. For the detection of host myelinated 
fibres within the host brain, immunohistochemistry for myelin associated glycoprotein MAG 
and myelin basic protein MBP was adopted. As myelin ensheats a major proportion of the 
axons within the brain, its presence is widespread – either in the form of large white matter 
tracts, compact fibre bundles or even individual fibres. In the normal (especially cranial) 
thalamus, numerous white matter bundles course in a mainly medio-lateral orientation (e.g. 
Figs. 17A,B). Higher magnification revealed a fine network of randomly orientated fibres 
scattered between the fibre bundles (Fig. 17B).  
Double immunofluorescence revealed that regenerating axons followed a general orientation 
that was either perpendicular to the intra-thalamic fibre bundles or that they closely followed 
the bundle orientation (Figs. 17C-F; 18A-C). Closer investigation demonstrated that those 
regenerating axons which extended perpendicularly to the fibre bundles were rarely (~3%) 
associated with individual myelinated axons (Figs. 17C-E; 18A). Some regenerating axons 
even appeared to detour around myelinated fascicles (large arrow in Fig. 17F). However, it 
was often (23%) possible to see that donor axons grew over several host myelinated fibres, 
following each one only for a short-distance (~5-20µm). Axons derived from neurons which 
had been grafted directly into a fibre tract usually (66%) showed a highly orientated pattern of 
growth, in parallel with the long axons of the fibre tract, but nearly every third axon could 
also be seen crossing diagonally over various host fibre bundles in these tracts (large arrow in 
Fig. 18C). High magnification of axons regenerating within such fibre tracts still failed to 
demonstrate more than occasional (~4%) close relationships between individual axons and the 
orientated myelin sheaths (Figs. 18A-C).  
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Figure 17 (A-F) 
Interactions between donor DRG and host myelinated (MBP- or MAG-positive) fibres. (A,B) Peroxidase 
immunohistochemistry for MBP demonstrates the clear orientation of fibre bundles coursing through the 
thalamic neuropil. (C-E)  Confocal microscopy of double immunofluorescence for GFP (green) and MAG (red, 
C-E) or MBP (red, F).  Most regenerating donor axons extend perpendicular to the main axis of the myelinated 
fibre bundles (large arrows), while also many extend in the general orientation of these bundles (arrows). (F) 
The donor axon seems to detour around a host fibre bundle and extends further into the same direction (large 
arrow). Scale bars: (A) 500µm, (B) 50µm, (C) 80µm, (D,E) 40µm, (F) 30µm. 
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Figure 18 (A-C) 
Confocal microscopy of double immunofluorescence for GFP (green) and MBP (red). (A-C) Donor axons 
within the fibre bundles usually follow the long axis of the tract (arrows). However, individual axons could 
occasionally be seen migrating diagonally across the white matter bundles (large arrow, Fig 17C). MBP positive 
oligodendrocyte cell bodies (short arrows, Fig 17A).  Scale bars: (A) 40µm, (B,C) 20µm.  
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4.2.5.6 Host Neuronal Processes  
Since no evidence could be obtained to support the notion that blood vessels, astroglia, 
microglia or myelin acted as the main substrate for DRG axon regeneration within the host 
thalamus, further investigations were conducted to identify possible interactions of donor 
axons with host neuronal processes which might explain the significant orientation adopted 
by many of the regenerating axons.  
Neurofilament Immunohistochemistry 
Neurofilaments belong to the intermediate filament group of proteins and are located within 
cells of neuronal origin. As cytoskeletal elements, they extend into many processes of neurons 
and are widely used axonal markers. Three different types of NF-antibodies were used, each 
recognising a different component of the neurofilament triplet: i.e. NF 68 for the 68 kDa 
epitope, NF 160 for the 160 kDa epitope and NF200 for the 200 kDa epitope. 
Immunohistochemistry of the normal CNS revealed that each NF sometimes demonstrated 
region dependent differences in axonal and/or neuronal distribution (Figs. 19A-F). All NF 
antibodies demonstrated in the thalamus nerve fibre bundles, which coursed mainly medio-
lateral, and randomly orientated single fibres (e.g. Figs. 19A,B for NF68). Subtle differences 
in the distribution of these NFs could be seen in other regions of the brain, e.g. sub-
populations of apical dendrites in the cortex identified by NF68 (Fig. 19C). Mossy fibres in 
the hilar region of the hippocampus could also be seen with NF68 (Fig. 19D). Mossy fibres 
were particularly strongly stained with NF160, but other populations included axons in the 
hilar regions as well as the molecular layer of the dentate gyrus (Fig. 19E). NF200 appeared 
to be useful as a general marker for host axons (Fig. 19F).  Donor mouse DRG cell bodies and 
axons were rarely (~3%; <2% respectively) NF200-positive, slightly more were NF160-
positive (~17%; <3% respectively), whereas NF68 was more frequently found (<30%; ~24% 
respectively) in the grafted donor material. Similar to the data obtained using myelin 
immunohistochemistry, there was little indication that donor axons were co-localising (as 
defined in section 3.5) with individual NF-positive nerve fibres as their primary growth 
promoting substrate (generally ~5% co-localisation: NF200: <5%, NF160: ~4%, NF68: ~6%). 
As seen before, GFP-positive axons exited the main body of the graft, sometimes following 
the direction of the intra-thalamic nerve bundles (arrows in Figs. 20A,B), but in many 
instances traversing or ignoring such bundles. However, the donor axons displayed no 
consistent (~4%) co-localisation with individual inter-bundle host NF-positive axons (Figs. 
20C-F), though again, as already observed with myelin, donor axons often (~30%) appeared 
to hop from one host axon to another, co-localising with these host axons for only short 
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distances (5-20µm). Axons following a trajectory that was close to host fibre bundles seldom 
penetrated these structures to adopt their orientation (Fig. 20D). Donor axons derived from 
neurons located within the white matter bundles followed the long axis of the bundles, but 
without any clear (<6%) indication of following particularly NF-positive fibres (Figs. 21A-C). 
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Figure 19 (A-F)  
Peroxidase immunohistochemistry for NF68 (A-D), NF160 (E) and NF200 (F) in the normal brain. (A,B) 
Orientated axon bundles (arrows) and random individual axons (arrowheads) identified with NF68. (C) In the 
cortex host apical dendrites grow singularly in a strongly orientated manner. (D-F) The hippocampal area is a 
nice example for the numerous NF-positive axons, which are spreading throughout the brain and the slight 
differences in distribution of the three different neurofilaments. Light thionin counterstain in all sections. Scale 
bars: (A,B,C) 100µm, (D,E,F) 200µm. 
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Figure 20 (A-F) 
Confocal microscopy of double immunofluorescence for GFP (green) and NF68 (red, B), NF160 (red, A,C,D) 
and NF200 (red, E,F). (A) Donor axons exit the graft and extend close to host fibre bundles (arrows). (B,C) 
Donor axons sometimes follow intra-thalamic fibre bundles (arrows), but often traverse or by-pass them (large 
arrows). (D-F) The donor axons show in more unorientated areas of the thalamus little or no close spatial co-
localisation with other host NF-fibres; only seldom do they display short alignments to a host fibre (arrowhead). 
Scale bars: (A) 50µm, (B,C,D,E,F) 20µm. 
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Figure 21 (A-C)  
Confocal microscopy of double immunofluorescence for GFP (green) and NF68 (red, A,B) and NF200 (red, C). 
(A,B) Within highly orientated white matter bundles, lots of donor axons follow the given orientation of the host 
fibres individually (arrows). Only occasional indications of a strong spatial co-localisation can be found between 
donor and host axons (arrowhead). Some of the donor axons appear to be NF68-positive (short arrow). (C) The 
shown vast amount of donor cells landed unintendedly very cranially at the edge of the white matter of the 
hippocampus. Hundreds of donor axons extend rapidly into the host fibre tract, lots of them following the 
general given orientation (arrows). However, also substantial numbers of donor axons appear to grow 
perpendicular and diagonally to the common orientation (large arrows). Scale bars: (A,B) 20µm, (C) 40µm. 
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Tubulin  
Since no convincing correlation could be found between donor axons and individual NF-
positive host structures it was conceivable that small diameter ß-III-tubulin-positive neuronal 
processes could have acted as the substrate for DRG axon growth. ß-III-tubulin-IR in the 
thalamus demonstrated fibre bundles as well as a fine network of individual fibres and 
scattered small diameter neuronal cell bodies (Figs. 22A,B). All donor DRG cell bodies 
appeared to express ß-III-tubulin, though the intensity of the IR varied strongly between 
neurons (Figs. 23A-C). Concerning the donor axons, in some instances all of them appeared 
to be ß-III-tubulin-positive (arrowheads in Figs. 23D-F), while in other areas occasional ß-III-
tubulin-negative donor axons could be observed (arrows in Figs. 23G-I). The percentage of ß-
III-tubulin-positive donor DRG axons was estimated to be approximately 90 %. The fact that 
most of the donor axons were ß-III-tubulin positive (e.g. Figs. 23D-I) made it difficult to 
clearly discern any close correlation between the donor axons and any host immunoreactive 
structures. Nonetheless, there was little indication that specific host ß-III-tubulin positive 
fibres were being used as the substrate for donor axon growth (only <3% short distance co-
localisation for up to 20µm) (Figs. 23D-I).  
 
Figure 22 (A,B)  
Peroxidase immunohistochemistry for ß-III-tubulin applied to unlesioned adult rat brains and counterstained 
with thionin. (A) In the thalamus, ß-III-tubulin fibre bundles can be observed, extending in a mainly medio-
lateral direction (arrows). (B)  In other areas more individually crossing ß-III-tubulin-positive fibres (arrows) and 
also cell bodies (arrowheads) are visible. Scale bars: 50µm. 
 
 55
Results  
 
 
Figure 23 (A-I)  
Confocal microscopy of double immunofluorescence for GFP (green) and ß-III-tubulin (red). Image sequences 
are (A,D,G) combined fluorescence, (B,E,H) GFP immunofluorescence, (C,F,I) ß-III-tubulin 
immunofluorescence. (A-C) All donor neurons appear to be ß-III-tubulin-positive (arrowheads), though in 
strongly varying intensity. (D-I) Both ß-III-tubulin positive (arrowheads) and negative (arrows) donor axons can 
be found. There is no clear evidence of donor axons using host ß-III-tubulin positive axons as their growth 
substrate. Scale bars: (A,B,C) 40µm, (D,E,F) 20µm, (G,H,I) 30µm. 
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Serotonergic Fibres  
Host nerve fibres, which contain the transmitter serotonin, extend throughout the thalamus as 
a widespread network (Fig. 24A). These host fibres appear to extend individually, rather than 
as fascicles. In the white matter, host serotonergic fibres extend within the general orientation 
of the fibre tract (Fig. 24B). Double immunofluorescence for GFP (green) and serotonin (red) 
revealed donor DRG neurons and axons, which were rarely (<2%; ~7% respectively) 
serotonin-positive. Donor axons were, in general, not associated with host serotonergic axons 
(Fig. 24C) and appeared to extend independently of the loosely woven network of host 
serotonergic axons (arrows in Fig. 24C). When donor axons eventually made contact with 
host serotonergic axons, they simply crossed over, without a noticeable change of direction. 
Seldom did the donor axons align with individual serotonin-positive host fibres (<5%, here 
only for a short distance of <20µm, arrowhead in Fig. 24C), though again sometimes short 
distance regeneration over various host fibres occurred (~15%). When being in a rather 
orientated area of the host thalamus, the donor axons mainly followed the general orientation 
of the host fibres (Fig. 24D). However, also in this environment, they usually preferred to 
extend individually (arrows in Fig. 24D), only seldom coming in close contact with the host 
serotonin-positive fibres (arrowhead in Fig. 24E).  
Sympathetic Fibres 
Immunohistochemistry for tyrosine hydroxylase was used to explore the possibility that donor 
DRG axons preferentially used host sympathetic fibres as a substrate for regeneration. 
Catecholaminergic axons in the thalamus often form fibre bundles, again in the medio-lateral 
orientation (Fig. 25A), as well as a network of individual fibres (Fig. 25B). Double 
immunofluorescence for GFP (green) and tyrosine hydroxylase (red) was unable to reveal any 
strong spatial correlation between donor DRG axons and host sympathetic fibres (arrow in 
Fig. 25C). As described for the many other aspects of this investigation, only rarely (<3%) 
close alignment could be found (arrowhead in Fig. 25E), though regeneration over various 
host fibres with short-distance co-localisation occurred. Donor neurons and axons were rarely 
(~2, 5%; <5% respectively) tyrosine hydroxylase-positive (short arrows in Figs. 25C,D). 
Legend for Figure 24 (A-E) page 58 
(A,B) Peroxidase immunohistochemistry for serotonin in unoperated rat brains demonstrates a fine network of 
serotonergic host axons in the thalamus (A) and highly orientated fibres in the host fimbria (arrows) (B). (C-E) 
Confocal microscopy of double immunofluorescence for GFP (green) and serotonin (red). (C) Donor axons 
mainly grow individually through the presented range of host axons (arrows), or follow their direction for a short 
distance (arrowhead). (D) In a partly more orientated thalamic area, the donor axons follow the general 
orientation (arrows). (E) Seldom close contact is made (arrowhead). Scale bars: (A,B) 50µm, (C,D,E) 40µm. 
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Figure 24 (A-E)  
(Legend see page 57) 
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Figure 25 (A-F) 
Peroxidase immunohistochemistry for tyrosine hydroxylase in unoperated adult rat brains (A,B). (A) In the 
thalamus, tyrosine hydroxylase-positive fibres form fibre bundles which extend medio-laterally (arrows). (B) 
Higher magnification reveals also a network of individually spreading tyrosine hydroxylase-positive axons 
(arrows). (C-F) Confocal microscopy of double immunofluorescence for GFP (green) and tyrosine hydroxylase 
(red).  (C,D) Most of the donor axons do not follow the host fibre bundles or individual axons but traverse them 
(arrow). One of the shown donor axons displays light tyrosine hydroxylase expression (short arrows). (E,F) 
Only seldom do donor axons align with host axons for short distances (arrowhead). Scale bars: (A) 100µm, (B) 
50µm, (C,D,E,F) 20µm. 
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Cell-Adhesion Molecules  
Since CAMs are involved in axon guidance during development and support strong growth in 
axonal regeneration (e.g. Kiryushko et al., 2004), it was a deemed necessary to explore the 
possibility that regenerating DRG axons used the CAM L1 to support their growth. The 
parenchyma of the normal thalamus displayed a strong but diffuse distribution pattern. Blood 
vessels and fibre tracts were generally detectable by their lack of- or reduced L1-IR, 
respectively (Figs. 26A,B). Donor DRG cell bodies revealed L1-IR on the cell surface (Figs. 
27A-C). However, with some donor cell bodies, it was very difficult to determine if they were 
weakly L1-positive or L1–negative. Nonetheless, over 90% of the donor cell bodies were 
estimated to express L1. Due to the dense endogenous L1-IR, it was often difficult, to make a 
definitive statement about donor axon L1-IR, but nearly all donor DRG axons (~95%) 
appeared to be L1-positive (Figs. 27D-I). However, it was apparent that the general 
orientation of the host neuronal processes within the thalamic neuropil, as identified by L1-
IR, was closely correlated with the orientation of growth adopted by the regenerating donor 
GFP-positive mouse DRG axons (Figs. 27D-I).  
 
Figure 26 (A,B)  
Peroxidase immunohistochemistry for L1 in the unoperated rat CNS. (A) In the thalamus, intense neuropil 
staining highlights grey matter. (B) White matter bundles are conspicuous by the paler IR (arrows). Scale bars: 
(A) 500µm, (B) 50µm. 
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Figure 27 (A-I)  
Confocal microscopy of double immunofluorescence for GFP (green) and L1 (red).  Image sequences are 
(A,D,G) combined fluorescence, (B,E,H) GFP immunofluorescence, (C,F,I) L1 immunofluorescence. (A-C) 
Donor neuronal cell bodies are L1-positive, mostly on the cell surface (arrowheads). (E-I) All donor axons 
appear to express L1 (arrowheads). A clear correlation between the pattern of host neuronal processes and the 
orientation of donor axon growth can be observed (vessel in (G-I): asterisks).  Scale bars: 40µm. 
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5 Discussion 
In the present investigation, adult DRG were transplanted into the fimbria and thalamus of 
adult rats confirming thereby the primarily prompted hypothesis that the adult CNS grey 
matter is a supportive environment for robust donor neurite outgrowth, similar to the CNS 
white matter (Davies et al., 1997; 1999). These results were obtained using the 
microtransplantation technique which avoided massive astroglial scarring (Emmet et al., 
1990). Furthermore, in strong contrast to the second running hypothesis, the present study 
clearly demonstrated that adult rat CNS grey matter supported orientated axonal outgrowth 
from the donor adult neuronal population. Double immunofluorescence was used to identify 
the donor material and its interactions with host structures. The data indicated that donor axon 
growth did not depend upon host blood vessel walls, astrocytic processes, microglial 
processes or myelin, but suggests, however, that donor axon growth might employ the cell-
adhesion molecule L1 for interactions with host nerve fibres.  
5.1 The Graft 
The DRG were chosen as adult neuronal donor material for a number of reasons: (i) they can 
be readily dissected from the spinal column of experimental animals, (ii) an enrichment 
procedure has already been developed (Delree et al., 1989), (iii) freshly dissected and 
dissociated DRG survive and can regenerate axons, (iv) such cells have been used in 
numerous in vitro studies to demonstrate the axon growth inhibitory properties of CNS 
myelin (Schwab and Caroni, 1988; Bandtlow et al., 1990; Chen et al., 2000; GrandPre et al., 
2000), (v) DRG have already been used by another group to probe the axon growth 
supporting properties of the adult rat CNS through in vivo microtransplantation studies, which 
revealed donor axon regeneration taking place along myelinated CNS fibre tracts (Davies et 
al., 1997, 1999).  
In the initial phase of the investigation, donor adult rat DRG neurons were used and were 
detected by immunohistochemistry for CGRP, similar to earlier published investigations 
(Davies et al., 1997). However, for the main part of the investigation, donor adult mouse 
DRG from transgenic eGFP mice were used (Okabe et al., 1997). The switch of donor 
neurons from adult rat to adult mouse ensured the sensitive detection of all grafted eGFP-
positive cells and processes by immunohistochemistry using antibodies specific for the 
marker gene. CGRP-immunohistochemistry (of either donor rat or mouse transplants) could 
only reveal about 30% of the donor cell population, consistent with the results of previous 
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investigations (Davies et al., 1999). Generally, varying numbers of donor neuronal cell bodies 
were located outside the intended target area in the brain. The reason for this observation 
could be that lots of cells were drawn back up through the pipette-made channel during its 
removal from the brain. In future investigations, a longer settling time for the donor cells 
should be considered.  
Both types of donor neurons (e.g. rat and mouse) showed similar overall graft morphology 
and demonstrated robust axonal regeneration. The diameter of transplanted mouse and rat 
DRG neurons ranged from 10-40µm, being broadly the same as that of freshly dissociated 
DRG, although the largest cells from freshly dissociated DRG exceed 40-50µm (Schoenen et 
al., 1989, own observations). The lack of the largest diameter DRG neurons might suggest 
that these cells are more fragile than the smaller cells and do not survive the 
microtransplantation procedure.  
Although xenograft procedures were performed for most of the experiments, no immuno-
suppressive treatment was applied. The decision to avoid ISP was made because 
immunosuppressive agents such as cyclosporine have been reported to have direct axon 
growth promoting effects (e.g. Hayashi et al., 2005) and the maximum survival time for grafts 
did not exceed 8 days. This is in accordance with observations made by Silver and colleagues, 
who found only minor signs of immune rejection up to 10 days after transplantation (Davies 
et al., 1999), and was confirmed in our experiments through very little/no signs of immuno-
rejection and no graft-induced angiogenesis. Nonetheless, it would be interesting to determine 
the long term fate of such donor axons, either by using immunosuppressive agents or 
transplanting cells into nude (immune deficient) rats. 
The fimbria and the thalamus were chosen as transplantation sites because their central 
locations in the brain guarantee a sufficient distance between the transplantation site and any 
PNS structures (such as cranial nerves), which is important as Schwann cells are shown to 
invade areas of the CNS through a damaged PNS-CNS transition zone (David and Aguayo, 
1981) and therefore might influence the milieu at the transplantation site. Although 
microtransplantation was performed using a stereotaxic apparatus, there was some variability 
in the location of the transplants. This is probably due to differences in the position of the 
bregma, the reference point for many stereotaxic procedures that is indicated by the point 
where the coronal and saggital sutures of the skull meet.  
In the fimbria transplants, the strongly orientated axonal outgrowth observed in previous 
studies (Davies et al., 1997; 1999) was reproduced. In the present investigation, stress was 
however especially laid upon the thalamus transplants, to primarily show that the CNS grey 
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matter has similar growth promoting properties to an adult donor neuronal population as those 
already reported for white matter. Furthermore, Silver and colleagues had claimed that 
astrocyte processes provided the growth supportive substrate for the remarkable regeneration 
revealed by donor axons (Davies et al., 1997; 1999). The white matter is, however, a difficult 
environment for proving conclusively that astrocytes act as such a substrate, because of the 
dense packing of similarly orientated structures. We therefore chose the largely non-
orientated grey matter of the thalamus to investigate this issue. 
5.2 Growth Inhibitory ECM Molecules  
The ECM molecule NG2 demonstrated a small shell (~20-100µm wide) of intense IR around 
the transplanted donor material. Previous studies (Jones et al., 2002) showed NG2 to be a 
mayor component of the CSPGs which peaks at ca. 1 week after trauma, which corresponds 
with the survival time of our experimental animals and permits the assumption that the 
witnessed NG2 up-regulation was documented at its peak. The extent of ECM expression in 
the present investigation did nonetheless not prevent vigorous outgrowth of the transplanted 
donor neurons. However, in the few rats in which the area of NG2 up-regulation exceeded 
that seen in most animals, regeneration of donor axons was strongly diminished. This 
phenomenon confirms previous observations by Silver and colleagues (Davies et al., 1997), 
who subsequently deduced a potent role for the reactive up-regulation of highly sulphated 
proteoglycans in regeneration failure. Furthermore, it was possible to witness that the donor 
axons showed neither preference nor avoidance for oligodendrocyte precursors, which have 
been shown, along with macrophages, to be a major source of NG2 (Jones et al., 2002).  
5.3 DRG Axon Behaviour  
The donor axons regenerated well in both white matter and grey matter. Regenerating axons 
extended individually rather than as bundles or fascicles and demonstrated relatively few 
collaterals, supporting previous observations (Davies et al., 1997). In the fimbria the donor 
axons regularly followed the given orientation of the white matter tract, though eventually 
some axons grew perpendicular to it. This phenomenon has also been observed by Silver and 
colleagues who interpreted this as an indication that host astrocytes provided the guidance 
cues, since such glia extend processes not only along the main axis of white matter tracts, but 
also perpendicular to it (Davies et al., 1997). However, the results of the present experiments 
allow no confirmation of this hypothesis, since no close correlation to host astrocytes or their 
processes could be observed (see also below, section 5.5).  
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Similar to transplants in white matter, axon growth from transplants in the grey matter 
revealed a remarkable degree of orientation. Although the axons exited form the grafts in a 
rather random manner, they often adopted broadly parallel “street-like” formations and grew 
relatively uniformly in a similar direction. Although some grey matter transplants were 
located very close to white matter (e.g. the internal capsule), the donor axons appeared to 
prefer to extend into the grey matter rather than the white matter. This notion supports 
previous studies in which immature neuronal populations were transplanted into host neuropil 
(e.g. Gaillard et al., 2004). Since both grey and white matter have already been shown to 
possess growth-supporting features, this possible preference for the CNS grey matter could 
indicate that it might supply a superior growth-supportive environment or less growth-
inhibitory components in comparison to the CNS white matter. 
The apparent directions of donor axon growth within the grey matter varied according to the 
location of the transplant: generally, in more cranial positions, regeneration was mainly 
orientated along 2 axes: some of the axons invaded the host neuropil in either a medial or 
lateral direction, thereby following the orientation of the small host thalamic nerve fibre 
bundles (arrowhead in Schematic Fig.6). Another axis coursed nearly perpendicular to the 
first one, with donor axons regenerating either mediofrontal, presumably towards the frontal 
thalamic nuclei (FTN), or latero-occipital presumably towards the dorsolateral geniculate 
(DLG, arrow in Schematic Fig.6). In deeper parts of the transplants, only the latter 
regeneration axis persisted (arrow in Schematic Fig.6). Taking into account, that the 
mediolateral coursing host fibre bundles exist mainly in the cranial thalamus (compare with 
Figs. 17A,B;19A in Results, 4.2.5.5/6; Paxinos Atlas, plate 108/109, Paxinos, George and 
Watson, Charles: The Rat Brain in stereotactic coordinates, sd. Edition 1986), it could be 
suggested that those regenerating donor axons were “trapped” within these strongly orientated 
structures, similar to the strongly orientated outgrowth of regenerating DRG axons in large 
white matter tracts (Davies et al., 1997; 1999; own observations). In the other pattern of 
orientated outgrowth the donor axons seem to invade the thalamus independently from host 
fibre bundles and appear to choose either the FTN or the DLG as a target region. The reason 
for this orientated donor outgrowth throughout the mostly unorientated thalamic grey matter, 
remains unknown. One may hypothesise that it could be due to the presence of a density 
gradient of particular growth promoting molecules, such as neurotrophic factors, which might 
be produced by certain thalamic nuclei (for reviews see Barde, 1989; Mocchetti and Wrathall, 
1995; Priestley et al., 2002).  
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Schematic Figure 6  
Directions of donor outgrowth in the host thalamus. The donor axons leave the graft (black dot) in more cranial 
thalamic parts (left picture) into two axes: One axis is consistent with the medio-lateral coursing host thalamic 
bundles (arrowhead); another axis growing more medio-frontal towards the FTN or latero-dorsal towards the 
DLG (arrow). In deeper parts of the thalamus (right picture) only the latter axis persists (arrow). FTN (frontal 
thalamic nuclei; include here roughly the anteroventral thalamic nucleus (ventrolateral and dorsomedial part), the 
anterodorsal thalamic nucleus and part of the laterodorsal thalamic nucleus), DLG (dorsolateral geniculate). For 
exact demonstration of the thalamic nuclei, please have a look at the Paxinos atlas (Paxinos, George and Watson, 
Charles: The Rat Brain in stereotactic coordinates, sd. Edition 1986) (original image by Dr. M. Suzuki, while at 
laboratory for neurobiology, NIMR, Mill Hill, London; compare also with Schematic Fig.5 for topographical 
aspects.) 
 
Interestingly, almost all of the donor axons (up to 100%) demonstrated abrupt 90° turns at 
various points on their pathways, especially in the region of the DLG. This behaviour is 
reminiscent of target innervation of corticopontine collaterals during development (Bastmeyer 
et al., 1998), and also of donor DRG axons, derived from transplants located in the spinal 
cord white matter, where regrowing axons turned abruptly to reach their original target 
territory in the dorsal horn (Davies et al., 1999). This behaviour is, in the context of the 
present investigation, even more astonishing since there is no “normal” target for the donor 
DRG axons within the adult thalamus. However, if the donor DRG were attracted by certain 
thalamic nuclei in our investigation, such as the FTN or the DLG, they might display a 
morphological appearance reminiscent of a terminal field-like branching. The observed 
complex branching and “synaptic-like” boutons, which were displayed by some donor axons, 
could support this idea. However, these structures were not exclusively found within the 
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above-named thalamic nuclei and since there was no apparent co-localisation with 
synaptophysin-IR (synaptophysin being an integral presynaptic vesicle membrane protein, 
Wiedenmann and Franke, 1985), these boutons could not be clearly identified as real synaptic 
components. Therefore, it is not possible to make an unequivocal statement that the donor 
material developed genuine synaptic contacts with host neurons. The definitive answer to this 
important question could be provided by electron microscopy (a technique not employed in 
the present investigation). 
The speed with which the donor axons extended through the host CNS, depended strongly 
upon the host environment: in the CNS white matter tracts the maximum speed of axonal 
growth was approximately 600µm/day, while in the CNS grey matter a maximum speed of  
approximately 200µm/day was observed  Such differences between the rate of axon growth 
through adult host grey matter and white matter show similarities to previous observations on 
the migration of donor Schwann cells through rat CNS grey and white matter (Brook et al., 
1993; Raisman et al., 1993). The reason for this may lie in the markedly different 
cytoarchitecture of the CNS regions. The simple following of highly orientated white matter 
tracts is faster than progress in a generally unorientated environment, in which obstacles have 
to be circumvented and the precise orientation of a single axon might be less determined. The 
range of axonal growth cone patterns would seem to support this idea: While in the “fast” 
white matter tracts, mainly streamlined “bullet-shaped” growth cones could be demonstrated 
(Davies et al., 1997; 1999; own observations), growth cone morphology in the grey matter 
often proved to be more complex with numerous branches stretched in various directions, 
presumably exploring the host environment (Mason and Wang, 1997).  
5.4 Donor DRG Neuronal Phenotype 
The present investigation suggests a number of observations regarding the phenotype of adult 
DRG during regeneration in the CNS: the percentage of CGRP-positive axons among the 
donor axons was similar to the donor cell bodies, approximately 30%. Since it was possible to 
observe CGRP-positive donor axons in the very vicinity of the graft as also far away among 
the most distant donor axons, it is likely that the CGRP-positive sub-population of donor 
DRG axons has neither stronger nor weaker regeneration capacities compared with the entire 
DRG population. 
Concerning other transmitters, these experiments revealed that the donor DRG rarely 
displayed serotonin or tyrosine hydroxylase (the enzyme which catalyses the rate limiting step 
in catecholamine synthesis, Nagatsu et al., 1964) IR. These observations correspond broadly 
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to earlier in vitro studies, which demonstrated that freshly dissociated DRG neurons display 
no serotonin-IR and little (9%) tyrosine hydroxylase expression, while both features can rise 
under tissue culture conditions (Schoenen et al., 1989).  
Regarding cytoskeletal elements, it was observed that the regenerating donor DRG axons 
displayed little NF, while ß-III-tubulin-IR was demonstrated in practically all donor neurons 
and axons. These observations stand in line with numerous studies, which demonstrated NF-
expression to be reduced both in PNS and CNS neuronal populations following axonal injury 
(e.g. Hoffman et al., 1993). Therefore a decreased NF expression during regeneration seems 
to be a general response to trauma, without implication for the regeneration capacity. 
Interestingly, in the present investigation, NF68-IR was greater than NF160-IR, and NF160-
IR greater than NF200-IR. This may be due to donor neurons recapitulating the succession of 
NF expression (from light and flexible to heavier and stronger filaments) during development 
(for review see Nixon and Shea, 1992; personal communication with Professor B. Gold, 
Oregon Health & Science University). ß-III-tubulin levels are, on the contrary, known to be 
up-regulated in DRG during regeneration, an increase, which is not similarly presented by all 
CNS neuronal populations. One might therefore suggest an important role for ß-III-tubulin in 
the cytoskeleton of regenerating axons (e.g. Moskowitz and Oblinger, 1995). However, 
though all donor cell bodies seemed to express ß-III-tubulin, only 90% of the axons displayed 
clear ß-III-tubulin-IR in the present investigation, a finding which may be due to the quality 
of the immunohistochemistry. The CAM L1, which plays an important role in axonal 
development, plasticity and regeneration (Kiryushko et al., 2004), was also expressed by most 
donor DRG neurons and axons in the presented experiments. This observation supports 
previous findings demonstrating the presence of L1 on elongating neurites and growth cones 
of DRG in vitro (Letourneau and Shattuck, 1989). More recent in vivo studies have 
established L1 up-regulation in certain populations of axons during regeneration and 
subsequent down-regulation upon target innervation (Aubert et al., 1998). It therefore seems 
reasonable to suppose that L1-contacts might be an essential factor for the successful 
regeneration of the DRG in the presented experiments. 
5.5 The Substrate 
The remarkably orientated outgrowth of the DRG donor axons in the CNS white and grey 
matter prompted the question as to which substrate was responsible for supporting such 
growth. As mentioned earlier, astrocytes and their processes had been suggested to be major 
substrates for such regenerative growth (Davies et al., 1997, 1999; Tom et al., 2004). 
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However, this notion was based on the interpretation of axon growth in white matter tracts 
where many host cellular elements are tightly packed and similarly orientated. Thus, it was 
decided to focus such research on the substrate in the thalamic grey matter. Concerning 
possible substrates, particular attention was paid to blood vessel walls, astrocytes, microglia, 
myelin and host neuronal processes.  
Blood vessel walls  
Despite the fact that the basal lamina of blood vessel walls is known to be rich in growth-
promoting ECM molecules such as type IV collagen, laminin and FN (e.g. Tilling et al., 
2002), the present study indicated that such structures were not essential for the orientated 
outgrowth of the donor DRG axons. Although blood vessels located directly next to the graft 
were often used as a route for extension by regenerating axons, the donor axons never 
arranged their trajectories according to the host blood vessel architecture. This corresponds to 
the behaviour of early migratory stages of Schwann cells microtransplanted into the adult rat 
CNS, which also followed the trajectory of local blood vessels close to the point of grafting 
before extending into the CNS parenchyma (Brook et al., 1993; Raisman et al., 1993). These 
observations may indicate that the donor axons benefited from endothelial growth-supporting 
factors and certain ECM molecules (such as those mentioned above), when they were in close 
proximity, but did not depend upon such substrates for later migration.  Although, astrocyte-
derived FN was purported to be the substrate of axonal outgrowth in the white matter (Tom et 
al., 2004), no such association was described for blood vessel-derived FN. 
Astrocytes 
The activated astrocytes in the close vicinity of the graft (~50-100µm) demonstrated a 
moderately intense up-regulation of the intermediate filament GFAP as well as renewed 
expression of vimentin and nestin, suggesting a mildly reactive astroglial phenotype adjacent 
to the transplant (Dahl et al., 1981; Clarke et al., 1994; Brook et al., 1999). The donor axons 
extended rapidly through this area, revealing little tendency to follow the orientation of 
astrocytic processes or to be repelled by them. Nonetheless, it was unavoidable that the 
regenerating axons, at some point, came close to the activated astroglia and their processes. 
Reactive astrocytes are an interesting but complex population of cells, since they are, on the 
one hand, known to contribute massively to the axon-growth inhibitory environment of the 
glial scar, namely through the expression of repulsive molecules such as tenascin and CSPGs 
(for review see Grimpe and Silver, 2002). Nonetheless, axon growth-supportive functions of 
astrocytes, through the expression of laminin, FN and PSA-NCAM have also been reported 
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(for review see Ridet et al., 1997). The conditions which ultimately influence the axon 
growth-repellent or -attractive state of activated/reactive astrocytes remain to be elucidated. 
The observations made in the present study merely indicate that the level of reactive 
astrocytosis observed in the present investigation is not sufficient to prevent donor DRG axon 
growth. Furthermore, Silver and colleagues have strongly suggested that non-reactive 
astrocytes in regions remote form the graft were responsible for supporting and directing 
donor DRG axon regeneration in white matter tracts (Davies et al., 1997; 1999). No such 
correlation could be supported by the present investigation, neither in the host white matter 
nor in the host grey matter. Indeed, donor GFP-positive axons could clearly be seen by-
passing local astrocytic processes.  
More recently, Silver and colleagues have modified their interpretation of the in vivo growth 
supporting substrate by stating that DRG donor neurites only crudely followed the host 
astrocytes within the white matter. Moreover, circumstantial evidence was presented to 
support the notion that astrocytic FN was an important component of the astrocytic substrate 
(Tom et al., 2004). It is generally agreed that astrocytes are able to express FN under certain 
in vitro conditions (e.g. Biran et al., 2003) and that reactive astrocytes may express FN-
mRNA following large lesions (Pasinetti et al., 1993). However, a clear 
immunohistochemical indication of astrocytic FN in vivo is lacking and the present study 
could find no evidence to support such a notion. The FN-IR in the adult rat grey and white 
matter described here was associated with blood vessel walls and the meninges, not 
astrocytes, confirming the distribution reported by others (e.g. Stewart and Pearlman, 1987). 
Although some raised FN-IR was detected within the graft itself, it is possible that this was 
derived from cells migrating from local blood vessels. 
Microglia 
Transplantation of donor macrophages or microglia have previously been shown to support 
axonal growth and tissue repair (Rabchevsky and Streit, 1997; Franzen et al., 1998; Schwartz 
et al. 1999). This raised the possibility that such cells could be assisting the axon regeneration 
observed in the present study. However, donor DRG axons could be seen by-pass the slightly 
activated microglia at the transplantation site (~30-100µm) as well as resting microglia 
further distant in the tissue without more than occasional co-localisation. In one instance, 
highly convoluted donor axons could be seen in the vicinity of the gliotic area. These growth 
patterns might suggest that the axons had encountered a local growth-inhibitory environment, 
which may be due to the nearby activated microglia – but such observations were extremely 
rare and were not representative of the general pattern of axon regeneration. Although 
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growth-supportive as well as neurotoxic functions of microglia have been stated (for review 
see Nakajima and Kohsaka, 2004), the present data suggest that the microglia neither 
prevented nor assisted in the process of donor axon growth.  
CNS Myelin  
Although certain molecules associated with CNS myelin (e.g. Nogo-A, MAG and OMgp) are 
widely agreed to constitute a potent axon inhibitory environment (McKerracher et al., 1994; 
Mukopadhyay et al., 1994; Chen et al., 2000; GrandPre et al 2000; Prinjha et al, 2000; Wang 
et al., 2002), the microtransplantation studies performed by Silver and colleagues evidently 
demonstrate donor DRG axon regeneration through white matter tracts (Davies et al., 1997; 
1999; Tom et al., 2004). The latter observation was clearly supported by the present 
investigation. To identify host myelinated fibres, antibodies to MAG (a peri-axonal myelin 
component, for review see McKerracher and Winton, 2002) and MBP (an abundant intrinsic 
myelin membrane protein, for review see Smith, 1992) were employed, both demonstrating 
similar results. Donor DRG axons, derived from DRG transplanted into white matter tracts 
usually followed the general orientation of these host fibre tracts, suggesting that CNS myelin 
does support regeneration of adult DRG axons.  
In the present transplants into grey matter, it was observed that some axons followed the 
general orientation of host myelinated fibre bundles, while others avoided, by-passed or 
traversed them. It seems reasonable to suggest, that any axon trapped in between the small 
myelinated nerve fibre bundles would be encouraged to follow the narrow trajectory of that 
bundle; however, most donor axons extended through an apparently unorientated host 
environment, in some instances, perpendicular to the small host myelinated bundles and 
without more than occasional co-localisation with individual myelinated fibres. These 
observations indicate that although myelin is capable of supporting regenerating adult donor 
DRG axons, it does clearly not seem to be necessary.  
However, the fact that the adult CNS white and grey matter can support the regeneration of 
mature DRG axons in vivo stands in contrast to many previous investigations which 
demonstrated the strong inhibitory potential of mature CNS myelin in vitro and and functional 
improvement through treatment with antibodies against inhibitory myelin proteins or 
immunisation against myelin in vivo (for review see Schwab, 2002). Though it is generally 
agreed that the myelin inhibitors are of minor importance within the scar itself (Stichel et al., 
1995; Davies and Silver, 2000), opinions about the roles of myelin within the CNS remain 
somewhat divided (Davies and Silver, 2000; Schwab, 2002). In vivo, it may be that many 
inhibitory proteins within intact myelin, are largely located in a position that prevents direct 
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contact with regenerating axons (i.e. being associated with the adaxonal myelin membrane) 
and only in situations of damaged and disrupted myelin, would present themselves fully, 
exposing regenerating axons to their inhibitory effects. In fact, Silver and colleagues were 
also able to show that Wallerian degenerating CNS myelin tracts displayed similar growth-
supportive properties to those of normal tracts. However, they did not 
immunohistochemically detect myelin debris or specific myelin associated inhibitors within 
the degenerating tracts (Davies et al., 1999). Recently, it has been suggested that myelin-
associated molecules may be involved in axonal guidance and could even facilitate axonal 
elongation in vivo by the inhibition of branching. The functional success of antibodies 
directed against the nogo-receptor could thereby be explained through sprouting and the 
formation of abnormal pathways rather than re-connection with the original pathways (for 
review see Raisman, 2004). 
However, one might hypothesise that the CNS environment maintains a delicate balance of 
growth-promoting and growth-inhibitory influences. The ultimate outcome of successful axon 
regeneration or aborted sprouting may thus depend upon the ability of each neuronal 
population to utilise the growth supportive proposals on the one hand, and to overcome the 
inhibitory clues on the other hand. This balance seems, in the present circumstances, to be in 
favour for the DRG regeneration. The dissection and dissociation procedure most probably 
had an effect similar to that of a conditioning lesion, by which the intrinsic axon regenerative 
capacity is enhanced, presumably through elevated intracellular cAMP levels and/or increased 
RAG expression (Neumann and Woolf, 1999; Spencer and Filbin, 2004). The ability of donor 
adult CNS neurons to show similar behaviour seems rather doubtful. Although obtaining 
viable dissociated CNS neurons from the adult brain is exteremly difficult to achieve, Silver 
and colleagues were able to generate populations of adult cortical neurons. However, they 
were unable to demonstrate any axonal regeneration from these cells in vitro (Tom et al., 
2004). 
It is of particular importance that both inhibitory systems (i.e. CNS myelin associated 
molecules and highly sulphated proteoglycans) ultimately converge of the same intracellular 
cascade (the Rho-cascade; for review see Schwab J., 2004). The inactivation of this pathway 
has been shown to improve axonal growth and regeneration in vitro and in vivo and even to 
promote functional recovery (Dergham et al., 2002). Recent reports of functional recovery 
after experimental SCI through the enhancement of cAMP levels have aroused much 
attention: since elevated intracellular levels of cAMP inactivate Rho-GTPases, 
pharmacological elevation of cAMP could result in the successful over-riding of local 
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inhibitory cues (for review see Cui and So, 2004). These latter intracellular approaches are 
thereby opening interesting future therapeutic options. 
Host Neuronal Processes 
Several types of host axons have been investigated in the present study to discover if various 
populations of host axons might act as the substrate for supporting donor axon regeneration 
through axon-axon interactions: different cytoskeletal components, such as NF68, NF160, 
NF200 and ß-III-tubulin have been employed since these cytoskeletal components have not 
only been thought to be related to fibre calibre, but also to the various states of maturity and 
flexibility of axons (for review see Nixon and Shea, 1992). While the donor axons followed 
the different host fibres in orientated areas of the CNS, they paid little attention to their 
direction in the more unorientated parts of the host neuropil. Only occasional close co-
localisation with individual fibres could be detected, however, there was the clear impression 
that donor axons hopped from one host axon to another. 
Furthermore, immunohistochemistry was also used to assess the possibility that particular 
phenotypes or sub-populations of axons were being used as a growth promoting substrate. 
Antibodies to both serotonin and tyrosine hydroxylase (labelling sympathetic axons, Nagatsu 
et al., 1964) were unable to demonstrate a significant correlation between the donor axons and 
individual serotonergic or sympathetic axons respectively. Regrettably, further experiments to 
identify populations of inhibitory axons with glycine and GABA immunohistochemistry 
failed, since both antibodies required glutaraldehyde post-fixation, leading to intense 
autofluorescence. Although the attempt to identify potential axonal phenotypes as possible 
guidance substrates failed to deliver any convincing co-localisation, it cannot be discounted 
that the donor axons may be following the trajectory of other, so far, unidentified populations 
of axons. 
The use of antibodies to the CAM L1, (mostly present on the surface of post mitotic neurons, 
but not glia; Rathjen and Schachner, 1984) suggested that donor axons were following host 
L1-positive structures. This was, however, difficult to determine in a definitive manner, even 
when employing confocal microscopy, due to the dense packing of moderately uniformly 
immunoreactive profiles. Here again, the utilisation of electron microscopy may be useful. 
Nonetheless, the data obtained suggested that the donor L1-positive axons may have been 
using the host L1-positive network of neuronal structures (i.e. cell bodies, dendrites and 
axons) as a generally permissive substrate for axon growth. The ultimate direction of axon 
growth possibly being determined by the presence of (as yet unknown) diffusible growth 
factors (see above, section 5.3). This assumption becomes even more plausible when 
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considering the homophilic binding capacity of L1 (donor DRG axons and host neuronal 
processes being L1-positive), its central role in fundamental processes such as cell migration, 
axon extension and plasticity (Kiryushko et al., 2004), and its widely known growth 
promoting properties in regeneration (e.g. Roonprapunt et al., 2003; Becker et al., 2004). A 
definitive answer to this suggestion could be obtained by using donor DRG obtained from L1 
knock-out transgenic mice.  
5.6 Conclusions 
The present investigation was successful in a number of aspects: firstly, it was possible to 
confirm the earlier observations of Silver and colleagues who demonstrated substantial donor 
axon regeneration through adult white matter tracts. Furthermore, the observations of Silver 
and colleagues have been extended by the clear affirmation of our first running hypothesis, 
which postulated robust axon regeneration following the microtransplantation of adult mouse 
DRG into the thalamic grey matter of adult rat hosts. Although a minor local gliosis with 
elevated NG2 expression could be observed around the transplantation site, this was clearly 
insufficient to prevent the often florid pattern of axonal regeneration. The ability to extend 
donor axons along or across myelinated fibre tracts suggests that at least some populations of 
regenerating axons are refractory to the inhibitory effects of intact CNS myelin in vivo, 
possibly due the fact that in the intact myelin, a relatively small amount of the myelin 
associated growth inhibitors are exposed to the extracellular environment. Generally, it is 
most likely that both CNS myelin AND the highly sulphated proteoglycans of the ECM 
contribute to the hostile post-lesional environment of the CNS.  
 
Furthermore, the present experiments clearly contradicted our second running hypothesis by 
demonstrating orientated axonal growth through an astrocytic environment that was clearly 
unorientated. The data clearly demonstrated that neither host blood vessels, nor astrocytes, 
microglia, oligodendrocyte progenitors or myelin are responsible for providing the substrate 
for the remarkable degree of axonal growth witnessed throughout the investigation. There is, 
therefore, no evidence to support the notion that either astrocytes or astrocyte-associated FN 
(as suggested by Silver and colleagues; for review see Silver and Miller, 2004) are 
responsible for supporting the often directed axonal regeneration exhibited by donor adult 
DRG neurons. Our suggestion that the orientated donor axon growth may be encouraged by 
the presence of diffusible growth factors requires further investigation, as does the suggestion 
that the axonal growth is supported by homophilic L1 interactions.  
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7 Appendix 
Abbreviations 
ABD Antibody diluent 
B Brass block 
BDNF Brain derived neurotrophic factor 
CAM Cell-adhesion molecule 
cAMP Cyclic adenosine monophosphate 
CGRP Calcitonin gene related peptide 
CNS Central nervous system 
CNTF Ciliary derived neurotrophic factor 
CSPG Chondroitin sulphate proteoglycan 
DAB 3, 3’ Diaminobenzidine 
DAPI Diamidino-2-phenylindole  
DIF-I Double Immunofluorescence Immunohistochemistry 
DLG 
DNA 
Dorsolateral geniculate  
Deoxyribonucleic acid 
DPX Distyrene plasticizer xylene 
DRG Dorsal root ganglia 
ECM Extracellular matrix 
eGFP Enhanced green fluorescent protein 
FCS Fetal calf serum  
Fig. Figure 
FN Fibronectin 
FTN Frontal thalamic nuclei  
g gravity 
GABA Gamma amino butyric acid 
GAG Glycosaminoglycan 
GDNF Glial cell derived neurotrophic factor 
GFAP  Glial fibrillary acidic protein 
GFP  Green fluorescent protein 
IR Immunoreactivity 
ISP Immunosuppression 
LIF Leukemia inhibitory factor 
MAG Myelin associated protein 
MBP Myelin basic protein 
mRNA Messenger ribonucleic acid 
NCAM Neuronal cell-adhesion molecule 
NF Neurofilament 
NGF Nerve growth factor 
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NgR Nogo-receptor 
NS Nervous system 
NT-3 Neurotrophin-3 
NT-4 Neurotrophin-4 
NV Needle valve 
OMgp Oligodendrocyte myelin glycoprotein 
PBS Phosphate buffered saline 
PBT Phosphate buffered saline with Triton 
PFA Paraformaldehyde  
P-I Peroxidase Immunohistochemistry 
PNS Peripheral nervous system 
PSA Polysialic acid 
RAG Regeneration associated gene 
RECA-1  Rat endothelian cell antigen 1 
RPM Rounds per minute 
SCI Spinal cord injury 
TJ T-junction 
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